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FOREWORD 


\u/  xiixo  J.O  wuc  ava  c  ucvcxupiucati  yx'u^raai  tspunsQreci  Qy  '^ne 

Air  Force  Systems  Command,  Rocket  Propulsion  Laboratory,  Edwards  Air  Force  Base, 
California,  from  1  June  IS&*  to  15  April  1966  on  the  development,  deaiAcn,  fabri¬ 
cation,  and  demonstration  of  packageable  high-expansion-ratio  nozzles  for  solid 
propellant  rocket  motors.  The  research  and  development  efforts  on  the  program 
were  performed  by  Aerojet -General  Corporation,  Sacramento,  California,  under 
Contract  AF  o4(6ll)-9896,  and  this  report,  dated  April  19ot,  is  submitted  in 
fulfillment  of  that  contract. 

(u)  This  report  contains  classified  information  extracted  from  Report  AEDC- 
TR-65-2^,  "Demonstration  Tests  of  Two  a^pes  Packageable  Hlgh-Expans Ion-Ratio 
Nozzles  for  Solid-Propellant  Rocket  Motors,"  ARO,  Inc.,  Bryan,  Ohio,  January  1966. 
The  security  classification  of  this  report  is  Group  4,  Confidential. 

(u)  This  technical  report  has  been  reviewed  and  is  approved. 
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unclassified  abstract 


(u)  The  objectives  of  this  program  were  the  development,  design,  fabrication, 
and  demonstration  of  packageable  high-expans ion-rutio  nozzles  for  solid  propellant 
rocket  motors.  A  subscale  testing  program  conducted  at  Aerojet-General's  Von  Kerman 

«•  «<•  ^  «^fv  4  le  ^  4  am  *«#» 

three  elastomeric  materials  (nitrile  butadiene  (V-45®),  styrene  butadiene,  and 
butyl)  and  two  refractory  metals  (90ta-10W  and  columbium)  for  use  in  exit  cones. 
Erosion  data  was  also  gathered  on  these  elastomeric  materials.  A  demonstration 
test  program  was  conducted  at  Arnold  Engineering  Development  Center,  using  three 
3OKS-50OP  solid  propellant  motors,  two  with  an  elastomeric  V-44®  exit  cone  and  one 
with  a  columbium  expandable  exit  cone.  Objectives  were  to  test  deployment,  determine 
the  materials'  integrity  under  operating  ccnditions,  obtain  data  pertaining  to 
specific  impulse  at  altitude  conditions,  and  obtain  postfire  heat-soak  data  for 
30  sec.  Successful  motor  ignition,  operation,  and  postfire  heat-soak  for  all  three 
tests  were  conducted  at  simulated  altitudes  in  excess  of  100,000  feet.  Atten^pts  to 
deploy  the  elastomeric  V-UU®  exit  cone  from  a  folded  position  at  altitude  conditions 
were  only  partially  successful.  However,  the  principle  of  deployment  was  demonstrated 
during  sea -level  tests.  All  three  exit  cones  were  stable  during  Tnotor  operation  and 
were  in  excellent  postfire  condition.  The  columbium  exit  .cone  did  not  expand  fully 
(area  ratio  of  38.0,  instead  of  50).  High-quality  optical  data  were  obtained  of 
the  nozzle  deployment,  nozzle  performance  during  motor  operation,  and  postfife 
condition. 
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SECTION  I 
INTRODUCTION 


(u)  The  concept  of  expandable  exit  cones  for  high -expans ion-ratio  rocket  nozzles 
offers  improved  performance  (as  well  as  lighter  weighty  in  many  applications)  in 
vulumtoor  dlame Ler-limlLed  .systems.  In  recognition  of  the  potential  of  this  concept, 
active  development  of  the  expandable  exit  cone  was  initiated  at  Aerojet  in  January 
1900. 

(u)  Specific  preliminary  engineering  tasks  included;  design  applications, 
materials  investigation,  theoretical  analysis  of  heat  transfer  and  shock,  structural 
analysis,  gas  dynamics,  packaging,  and  nozzle  deployment  as  applied  to  liquid  rocket 
engines . 

(u)  Selected  for  the  initial  testing  was  a  modified  200-lb-thruat,  bipropellant, 
water-cooled  Lark  thrust  chamber.  This  chamber  operated  at  a  chamber  pressure  of 
120  psia,  burning  VflFNA/UDMH  at  a  mixture  ratio  of  2.8:1  oxidizer  to  fuel,  with  a 
total  propellant  flow  rate  of  0.75  Ib/sec.  The  expandable  nozzle  was  attached  at 
an  area  ratio  of  8:1,  expanding  to  27:1  at  the  exit  with  a  15°  cone  half -angle. 

(u)  This  test  engine  was  operated  at  approximately  100,000  ft  in  a  small-scale 
altitude  simulator  at  Aerojet-General's  Von  Karman  Center,  The  objectives  of 
the  first  tests  were  to  verify  the  radiation-cooled  exit  cone  wall  temperatures 
and  internal  supersonic  shock  analyses  on  expandable  metallic  exit  cones.  These 
tests  were  successful  and  ser^'-ed' to  verify  JChe  theoretical  predictions. 

I 

(u)  Tne  next  phase  of  the  program  was  to  develop  a  flexible  nonmetallic  exit 
cone  that  could  be  folded  along  both  length  and  diameter.  A  great  many  elastomeric 
materials  were  tested  on  the  same  Lark  engine.  Materials  were  successfully  demon¬ 
strated,  thus  substantiating  the  validity  of  the  design  concept. 

(u)  Following  this  small-scale  development  and  demonstration,  Aerojet-General 
received  an  Air  Force  contract  (AF  04(647)-652/SAA)  to  continue  development. 
Direction  was  under  the  Rocket  Propulsion  Laboratories  at  Edwards  Air  Force  Base. 
Work  was  initiated  in  April  1962  and  has  been  continued  under  two  follow-on 
contracts.  This  work  included  advanced  theoretical  Investigations  in  the  various 
areas  of  heat  transfer,  internal  and  external  gas  dynamics,  materials,  fabrication 
techniques,  and  various  experimental  programs. 

^,u)  To  date  there  have  been  two  test  series  conducted  at  Arnold  Engineering 
Development  Center  (AEDC),  TuUahcma,  Tennessee.  The  test  engine  used  was  made 
from  surplus  Titan  hardware;  the  basic  thrust  chamber  was  a  17-5°  half -angle 
conical  chamber  that  had  been  used  previously  to  develop  the  XLR91-AJ-3. 

^u)  The  expandable  nozzles  were  attached  to  the  combustion  chamber  at  an  area 
ratio  of  7-07:1  expanding  out  to  area  ratios  up  to  40:1.  The  exit  cones  were 
designed  to  have  a  half-angle  of  17.5°  when  fully  expanded.  The  expandable  exit 
cone  wall  length  was  55.12  in.  with  an  inside  diameter  at  the  attachment  point 
of  24.6  in.  and  an  exit  plane  inside  r'jameter  of  57-75  in.  for  the  fully  expanded 
nozzle. 
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I,  Introduction  (cont.) 


(u)  In  general,  the  metallic  exit  conee  eere  aucoeeaful  in  both  t«5t  aeries, 
vneraas  the  eiestomarlc  exit  cones  were  unaucoesafUl  in  all  testa  but  .ne  in  each 
tea-  aeries.  One  test  in  19^3  end  one  teat  in  I96U  of  the  elaat^sr  f exit  cone 
ware  partial  auaoeaaaa  and  they  aervad  tn  yaylfy  tha  1 1 CSbiLity  of  the  coacept. 

A  aosvlete  dlsouaaion  of  this  eork  is  presented  in  Fef  I  and  2. 

(u)  In  Kerch  19^,  in  ansver  to  Furehase  Rsiiuest  3039^30  from  the  Air  Force  FU|^t 
Test  Center,  Bdeerda  Air  Force  Base,  Aerojet-Oeneral  subuitted  a  proposal  (Ref  3} 
for  the  developmeot,  dealfn,  fabrication,  and  demonstration  of  paokageable  high- 
•xpension-ratio  noiilca  for  aolld  propellant  rocket  notora.  Aa  a  result  of  this 
propoaal,  a  oontmet  vea  aubeequently  awarded  to  Aerojet -Oeneral  to  conduct  a 
program  to  cocompliah  the  above  objeetivea. 

(u)  The  pregraa  wee  aoeompliehad  by  eonduetingt  (l)  a  daeign  end  analyils  program 
adapting  llguld  technology  to  eolid  propellant  motora,  (2)  a  aubeoala  teat  program 
to  varify  the  aeleeted  materlele,  end  (3)  c  deaonetretion  teat  program  that  demon- 
atrated  the  ramelbillty  of  elaetomerlo  end  aMtellle  packegeeble  exit  eonea  for 
solid  motors. 
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SECTION  n 
SUMMARY 


(u)  This  report  presents  the  results  of  a  program  for  the  development,  design, 
fabrication,  and  demonstration  of  packageable  hig^-expanalon-ratio  noztlea  for 
ooliii  yropclluiit  roukeL  uiutors .  Ihe  program  was  cc»aucted  by  Aac  under  Contract 
AF  o4(6ii)-9896. 

(u)  The  program  encompassed  three  main  parts: 

(u)  (l)  A  basic  design  and  analysis  phase  to  design  both  an  elastomeric  foldable 

euid  a  metallic  expandable  nozzle  exit  cone  for  solid  rocket  application  using  liquid 
rocket  experience  and  technology  and  a  m-tnlimnw  of  original  design  effort. 

(u)  (2)  A  subecale  testing  phase  to  confirm  the  material  selection,  design 

techniques ,  and  analytical  methods  based  on  current  technology*  as  veil  as  to 
delineate  the  problems  Involved  in  adapting  liquid  rocket  experience  to  solid  rocket 
motors.  Eleven  subscale  testa  vere  conducted  during  this  phase,  nine  of  the  tests 
with  elastomeric  exit  cones,  and  two  of  the  tests  with  metallic  exit  cones.  The 
Bubscale  exit  cones  were  tested  in  the  expanded  position  with  no  attempt  at 
deployment. 

(^)  (3)  The  results  of  the  subscale  tests  were  Incorporated  into  the  design 

and  fabrication  of  demonstration  exit  cones,  cmd  three  demonstration  tests  were 
conducted  in  the  AEDC  altitude  facilities.  Two  of  the  tests  were  with  nitrile 
butadiene  rubber  (Gen  Gard  V-41^  the  beat  elastomeric  material  from  the  subscale 
testing) ,  and  one  test  was  with  columbium  (the  better  metallic  material  from  the 
subscale  tests).  The  first  elastomeric  exit  cone  was  fired  in  a  deployed  position, 
the  second  elastmerie  exit  cone  was  folded  and  deployed  prior  to  the  test,  and  the 
metallic  exit  cone  was  corrugated  into  a  cylinder  that  expanded  into  a  conical  shape 
during  the  firing. 

(u)  Pour  motor  firings  were  planned  for  the  third  phase,  but  X-ray  examination 
revealed  propellant-liner  separation  in  one  of  the  test  motors,  and  the  test  series 
had  to  he  reduced  to  three  firings,  thus  eliminating  a  second  test  of  the  columbium 
exit  cone. 
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SSJCTION  III 
TECHNICAL  DKCUSSION 


(u)  A  greet  deal  of  development  vork  on  packageable  hlcdi'^xpanaloa-ratio  exit 
cones  for  liquid  rocket  motors  has  teen  conducted  by  Aerojet-G^eral.  !Die  results 
of  the  work  on  liquid  rockets  has  proved  that  elastomeric  and  metallic  peckageable 
exit  cones  can  be  applied  to  liquid-rocket-powered  missiles  to  extend  range  and 
payload. 

(u)  As  mentioned  In  the  Introduction,  two  specific  types  of  packageable  exit 
cones  have  been  investigated  by  Aerojet-General:  One  type  consists  of  a  simple, 
longitudinally  convoluted,  sheet-metal  exit  cone.  Before  firing,  its  shape  is 
that  of  a  corrugated  cylinder  with  the  convolutions  tapering  from  one  end  to  the 
other.  During  motor  firing,  internal  pressure  radially  expands  the  exit  cone  into 
a  truncated  conical  shape.  Longitudinal  stiffness  IS  provided  by  the  slight 
residual  corrugations. 

(u)  The  metallic  skin  of  this  cone  is  radiation- cooled ,:.aad  it  IS  operated  at  a 
temperature  where  the  thermal  radiation  emitted  by  the  external  surface  is  equal 
to  the  heat  Input  from  the  exhaust  gas.  This  Is  essentially  a  steady-state  coudi» 
tlon,  and  long-duration  operation  is  possible  with  a  very  lightweight  component. 

(u)  The  second  exit  cone  that  has  been  investigated  is  one  of  flexible  elastomeric. 
In  this  design,  the  exit  cone  is  folded  back  over  the  exterior  of  the  fixed  portion 
of  the  nozzle.  This  is  deployed  before  the  motor  is  fired.  With  this  type  of  exit 
cone  the  wall  chars  and  ablates  during  the  firing,  and  sufficient  wall  thickness 
must'  be  provided  to  supply  the  necessary  structural  integrity  throu^  the  entire 
firing.  The  elastomeric  exit  cone  is  cor^lderably  heavier  than  the  radiation- 
cooled  metallic  exit  cone,  but  it  offers  more  promise  for  obtaining  a  minimum  length 
and  diameter  package. 

(u)  !nie  work  performed  in  liquid  Rocket  Operations  (LRO)  under  Contracts 
AF  05(647) -6i2/SA4  and  AI’(694)-212/SA3  and  reported  in  Aerojet -General  Reports 
652/sa4-22-P-1  and  BSD-TDL-64-136  (Ref  1  and  2)  indicated  that  both  the  metallic 
and  the  elastomeric  type  of  exit  cones  appeared  promising  for  solid  rocket  motor 
applications . 

(u)  The  purpose  of  this  program  was  to  take  liquid  rocket  experience  and  apply 
it  to  solid  rocket  motors,  thereby  verifying  the  feasibility  of  this  concept  for 
use  on  solid  rockets.  Because  of  the  difference  in  chemical  ccxnposltlpn  between 
liquid  and  solid  rocket  exhaust  gases  (as  well  as  the  presence  of  metallic  oxide 
particles  in  the  solid  propellant  gases),  it  was  necessary  to  demonstrate  that  the 
design  concepts  developed  by  the  liquid  programs  could  be  successfully  applied  to 
solid  rockets. 

(u)  As  indicated  previously,  the  packageable  nozzle  program  was  divided  Into 
two  test  programs.  The  subscale  test  program  was  designed  to  assess  material  and 
verify  design  for  the  demonstration  test  program. 

(u)  The  selection  of  prospective  materials  to  be  evaluated  in  the  sabscale  test 
program  was  based  on  the  testing  previously  performed  in  the  liquid  program. 
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III,  Technical  Discussion  (cont.) 


A .  MATRRTAT,  SW.IWTTTOII 

(u)  The  first  rnsjor  task  of  the  program  was  to  review  the  various  materials, 
both  elaalomerlc  and  meiailic,  that  had  been  tested  by  Liquid  Boeket  operations  and  to 
determine  their  suitability  for  the  solid  rocket  program.  A  discussion  of  materials 
and  determining  factors  are  presented  here. 

1.  Elastomeric  Beit  Cone  Materials 

(u)  Approximately  30  elastonarlc  materials  were  fabricated  Into  exit 
cones  and  tested  on  a  small  liquid  rocket  engine  under  Contraeta  AF  oi^(647)-6l2/aAl^ 
and  AF  0U(69l>)-212/aA3  to  determlno  their  applicability  as  a  material  for 
packageable  e^t  cones. 

(u)  In  an  attempt  to  adequately  evaluate  the  various  elastomeric 
materials  that  were  tested  on  the  liquid  rocket  testing  program,  Liquid  Rocket 
Operations  personnel  devised  a  "material  effectiveness  parameter."  This  parameter 
la  a  function  of  the  following  parameters: 

1.  Test  duration 

2.  Material  weight  loss 

3.  Gas  recovery  temperature 

U.  Wall  temperature 

3.  Expansion  ratio  of  test  exit-cone  entrance 
and  exit  sections 

6.  Mass  flow  rate 

7.  Throat  area 

(u)  A  dlscuaslon  of  the  LRO  material  effectiveness  parameter  Is 
presented  In  Appendix  I.  This  "material  effectiveness  parameter"  rates  the 
various  materials  tested  by  using  weight  loss  on  tested  exit  cones  and  normalizes 
these  results  by  taking  Into  account  the  variations  in  total  beat  flux  due  to 
variations  in  test  conditions. 

(u)  One  assumption  made  in  this  derivation  Is  that  the  Inner  wall 
temperature  for  all  the  materials  tested  was  the  same,  namely  500*P.  Aerojet  knows 
this  is  not  the  case;  however,  it  is  believed  that  these  material  effectiveness 
parameters  do  serve  as  s  rough  guide  to  ranking  the  materials  tested. 
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III,  A,  Material  Selection  (cont.) 


(u)  Atialysle  of  the  material  effectiveness  parameters,  an  examlDatlon 
uf  Llio  rixou  caIL  cuiies,  and  conaulcaiiona  with  the  personnei.  responsiDie  ror  tne 
liquid  program  revealed  that  a  nunher  of  materials  shoved  promise  as  prospective!, 
materials  for  the  development  of  solid  motor  foldable  exit  cones.  The  three 
materials  that  showed  the  most  promise  for  subscale  testing  were: 

('i)  (1)  Gen-Gard  V-41|®  nitrile  butadiene  rubber,  silica  material, 

and  asbestos  reinforced  with  nylon  cord. 

(u)  (2)  General  Tire  and  Rubber  9790-IV-29C  styrene  butadiene 

rubber,  silica  material,  and  asbestos  reinforced  with  nylon  cord. 

(■u)  (3)  General  Tire  and  Rubber  72^2-I-lllfX  butyl  rubber,  silica, 

and  asbestos  reinforced  with  nylon  cord. 

(u)  As  shown  on  the  table  of  elastomeric  "liiaterlals  tested  on  the 
liquid  Lark  engine  (see  Appendix  l),  the  above  three  materials  had  the  highest 
average  material  effectiveness  parameters.  Two  other  materials,  namely  ethylene 
propylene  rubber  (7409-11-390)  and  a  proprietary  material  of  Raybestos-Manhattan 
CI-8576-7D,  had  a  high  material  effectiveness  parameter,  but  these  materials  had 
been  tested  only  once,  whereas  the  selected  materials  received  two  teats  each. 

The  best  test  of  each  of  the  selected  materials  was  equal  to  the  single  test  of 
the  two  rejected  materials. 

(u)  The  V-44® material  tested  on  the  Lark  engine  had  an  acceptably 
high  average.  In  addition,  this  material  la  widely  used,  with  excellent  success 
In  many  solid  rocket  motors  where  subsonic  gas  flow  Is  experienced.  As  a  result, 
a  great  deal  Is  known  concerning  processing,  physical  properties,  and  acceptance 
criteria  for  this  material.  It  was  thus  chosen  as  a  prime  candidate  for  the 
proposed  application. 

(■u)  Large  foldable  exit  cones  (approjrimately  2-  to  5-ft-dia)  for  the 
second-stage  Titan  engine  made  from  Gen-Gard  V-41®  were  fabricated  and  tested  by 
LRO  In  both  the  I963  and  196U  test  series,  and  more  tests  were  planned  for  I965. 

In  each  of  the  tests,  the  main  problem  experienced  was  a  violent  flutter  and 
oscillation  during  the  tests.  The  V-44®  exit  cones  tested  during  19^  had 
various  designs  of  longitudinal  stiffening  tubes  that  provided  lmprow3  rigidity, 
and  one  of  these  tests  was  partially  successful.  The  erosion  of  V-W(®  was  not  a 
problem  on  these  liquid  engine  tests. 

(u)  In  addition,  there  were  many  material  evaluation  tests  conducted 
with  V-W®  that  provided  much  pertinent  data,  so  that  its  performance  can  be 
discussed  analytically.  These  tests  include  plasma  tests,  RITE  motor  tests,  and 
tes"^  with  the  100-ln.,  120-ln.,  260-ln.,  and  Mlnuteman  motors.  For  these  reasons, 
was  a  particularly  attractive  candidate  for  this  program. 


Page  6 


nipcrt  AFHPL"TR>66>45 


nil  A|  Material  Selection  (cont.) 

2.  Metallic  Bxlt  Cone  Materials 


(u)  The  expandable  ■etallie  exit  cone  prograe  eondueted  by  LBO  under 

Me»-T  «eeM*  #**-  nmm  eeeeaaeeeMV*  »«e  eiaee*  ee^i^M^jr 

succeaaful.  This  prograa  Included  approxlawtely  4o  exall-soale  teste  to  verify 
the  radiation-cooled  exit  cone  skin  tenperature  and  Internal  aupersonlc  shock 
analysis. 


(u)  In  19631  12  large  oetslllc  exit  cones  vers  tested  at  ABDCi  and 
in  July  196ki  snre  testa  vere  conducted  vlth  large  laetallle  expandable  exit  cones. 
All  these  exit  cones  vere  fabricated  from  310  stainless  steel.  In  all  these 
tests  there  vere  no  failures  attributed  to  the  thermal  etavlironment  of  pressure 
loads  Inqposed  by  the  propellant  gas  stream. 

(u)  IXirlng  the  1963  test  series  of  metallic  exit  cones  at  AEDCi  four 
failures  occurred.  Two  of  these  failures  vere  directly  attributable  to  the  ASDC 
altitude  facility  equipment.  Tne  other  two  failures  vere  due  to  the  exit  cone 
wall  striking  the  top  of  the  diffuser  duet  during  the  opening  transient. 

(u)  IXtrlng  openlngi  the  exit  cone  did  not  have  a  true  circular  cross- 
section  but  tended  to  be  elliptical  with  the  major  axis  rotating.  As  the 
expending  wall  of  the  exit  cone  struck  against  the  dlffuseri  the.  thin  exit  cone 
ripped  In  several  locations.  Those  tears  did  not  propagate  even  though  the  exit 
cone  folded  outward  In  the  ripped  area. 

(u)  All  the  remaining  tests  vere  successful* and  durations  of  up  to 
113  sec  were  achieved.  In  general*  flutter  occurred  during  the  opening  transient 
with  some  residual  convolutions  remaining  during  the  firing.  Each  of  the  tests 
showed  that  the  exit  cone  was  fully  open  by  the  time  full  chamber  pressure  was 
reached.  At  full  chamber  pressure  (and  therefore  full  exit  cone  Internal 
pressure)*  the  resultant  force  of  the  combustion  gas  pressure  was  adequate  to 
cause  the  exit  cone  to  stabilize  following  the  oscillations  that  occurred  as  the 
exit  cone  opened. 

(u)  Heat  transfer  analysis  of  metal  structures  Is  better  understood 
and  Is  more  accurate  than  the  thermal  analysis  of  elastomeric  material  where  char 
and  ablation  are  involved.  During  the  liquid  evaluation  program*  a  comprehensive 
investigation  of  heat  transfer  to  the  metallic  exit  cone  was  undertaken*  and 
calculated  results  were  found  to  agree  favorably  with  the  experimental  data. 

(u)  Fostfire  analysis  of  both  the  small  exit  cone  and  the  considerably 
larger  exit  cones  fired  In  the  AEDC  altitude  chamber  indicated  that  the  temperatures 
calculated  in  the  computer  program  were  slightly  higher  than  measured  temperatures. 
Therefore*  design  based  on  the  computer  temperatures  were  slightly  conservative. 
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HI,  A,  Material  Selection  (cont.) 


(u)  Computation  of  the  equilibrium  temperature  of  metallic  exit  cones 

The  presence  of  metaLlic  or  metalllc-oxLde  particles  In  the  exhaust  gas  contributes 
to  the  radiant  heat-flux  Into  the  exit  cone,  but,  at  the  higher  operating  pressure 
of  B  solid  rocket,  tne  total  raaiative  neat  riux  is  email  in  cotoparlson  to  the 
convective  heat  flux. 

(u)  The  solid  particles  In  the  exhaust  gases  do  present  another  more 
sign  i.ficai:t  effect  in  that  they  obstruct  the  view  of  the  interior  exit  cone  vails 
to  the  outside  through  the  nozzle  exit.  Thus,  the  view  factor  Is  reduced  to  zero, 
and  the  overall  heat-dumping  capabilities  of  the  exit  cone  is  therefore  lowered. 

(u)  The  fact  that  the  exit  cone  is  cooled  by  radiation  alone  tends  to 
make  the  wall  temperature  Insensitive  to  small  changes  in  the  flux  into  the  wall. 

The  reason  for  this  is  fourth-power  temperature  dependence  of  radiation  heat 
transfer.  A  20^  change  in  the  heat  flux  into  the  wall  results  In  only  about  a 
4-i/2^  change  in  the  wall  temperature.  Therefore,  if  the  expendable  metal  exit 
cone  is  attached  at  a  point  where  it  can  adequately  handle  the  convective  heat 
flux,  the  radiant  heat  flux  can  be  neglected. 

(u)  From  this  analysis,  therefore,  it  is  obvious  that  the  metal  exit 
cone  in  a  solid  rocket  application  will  operate  at  a  much  higher  tenqMrature  tlun 
the  equivalent  application  in  a  liquid  engine  and  that  some  material  othei*  than'' 
stainless  steel  must  be  used  to  fabricate  the  expandable  exit  cones.  An  analysis 
of  the  expected  equilibrium  temperature  for  a  metallic  exit  cone  on  a  solid  motor 
has  shown  that  with  flame  temperatures  as  high  as  6500*P  and  a  chamber  pressure 
of  500  pala,  the  wall  at  a  I6  to  1  expansion  ratio  would  operate  at  about  3200*F 
with  an  emlsslvlty  of  one. 

(u)  At  temperatures  in  this  range,  the  two  materials  that  are 
attractive  from  a  strength  and  fabrication  consideration  are  90^  tantalum  - 
10^  tungsten  sheet  and  columbium  sheet.  For  this  program,  a  subscale  exit  cone 
was  fabricated  from  each  of  these  materials,  and  columbium  was  used  for  the 
demonstration-size  exit  cone. 

B.  SUBSCALE  TEST  PROGRAM 

(u)  A  series  of  11  subscale  tests  were  conducted  in  the  steam  ejector 
altitude  facility  at  Aerojet-General's  Von  Karman  Center  in  Azusa  during 
November  1964.  These  tests  served  to  confirm  the  material  selection,  design 
techniques,  and  analytical  oethods  used  to  fabricate  the  subscale  exit  cones. 

(u)  There  were  nine  tests  of  the  elastomeric  exit  cones,  and  all  nine  exit 
cones  were  Identical  except  for  material  composition.  Exit  cones  of  each  of  the 
three  selected  materials  were  tested  for  20,  4o,  and  60  sec.  Two  tests  were  made 
with  metallic  exit  cones,  one  with  columbium,  and  one  with  90^  tantalum  10j(  tungsten 
{90ra  “  lOtf).  Each  of  these  wah  a  4o-sec  test. 
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III#  B#  Subscale  Test  Program  (cont.) 


vu)  A  cumpLeLe  uiscussiuu  ul  tbe  aasigns  icsLau#  as  well  ea  cue  nup{vrv<.ng 
activities  involved  In  the  subacale  test  program#  is  presented  in  the  following 
sections. 


1.  Subacale  Design 

(c)  The  motor#  nozzle,  and  exit  cones  tested  In  this  phsse  bf  the 
program  are  shown  in  Figure  1.  The  slgtilflcant  operating  parameters  of  the  subseale 
tests  are: 


Propellant 

asp-2862  JM  Mod  II 

Chamber  pressure#  psia 

500 

Flame  temperature#  *F 

5500 

Aluminum  content#  ^ 

17 

Nominal  thrust#  Ibf 

Maas  flow  rate#  Ib/seo 

0.h5 

Expansion  ratio  of  fixed 

nozzle 

20:1 

Expansibn  ratio  of  test  exit  cones 

20:1  to 

50:1 

Altitude#  ft 

70,000 

Firing  durations: 

Material  -  Gen  Gard 

20#  !«)# 

and  60 

sec 

GTR  9790-IV-i29C 

20,  40, 

and  6o 

sec 

GTE  7242-I-114X 

20#  40# 

and  6o 

sec 

90T.a  -  lew 

4o  sec 

Columblum 

40  sec 

(u)  other  pertinent  design  information  is  discuBsed  In  the 
following  paragraphs. 


a.  Subscale  Motor 

(u)  The  motor  used  for  the  subscale  tests  was  the  Evaluation 
Test  Motor  (EIM)  shown  in  Figure  1.  This  motor  is  a  test  vehicle  used  at  Aerojet - 
General's  Von  Karman  Center.  The  EIM  is  a  small,  end-burning  rocket  motor  used  for 
ablative  material  screening.  It  is  of  heavywelgh+  design  and  was  well  suited  for 
the  required  conditions  of  this  program. 

(u)  Cartridge  grains  were  used  with  this  motor  to  facilitate 
testing.  The  propellant  was  cast  into  an  insulating  sleeve  so  the  motor  could  be 
quickly  loaded  and  unloaded  by  insertion  and  removal  of  this  free-standing  sleeve. 
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Figure  1.  Subecule  Hotor,  Nonele,  and  Bxit  Ooae 
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III#  B#  Subscala  Test  Program  (cont.) 


^  (u)  The  propellant  used  for  both  the  subsealo  and  demonstration 
tests  vas  AHF  ^SbS  JH  Mod  II#  an  aluminized  polyurethane  Mlnutenan  propellant. 
There  has  been  ouch  experience  vlth  this  propellant#  and  its  properties  are  veil 
documented.  A  congilete  description  of  the  AHP  2862  JM  Mod  H  propellant  Is  given 
in  Table  1. 


c.  Subacale  Nozzle 

(u)  The  nozzle  used  on  the  subseale  test  program  Is  shown  In 
Figure  1.  The  throat  Insert  Is  made  of  sllver-lnflltrated  tungsten.  The  entrance 
section  and  fixed  exlt*«one  section  Is  ATJ  graphite.  These  ATU  graphite  pieces 
also  back  up  the  throat  Insert  and  provide  a  heat  sink.  The  graphite  pieces  are 
In  turn  Insulated  from  the  steel  case  by  a  phenolic  sleeve. 

d.  Elastomeric  Subscale  Exit  Cones 

(u)  The  elastomeric  exit  cones  tested  on  the  subscale  motor  had 
the  configuration  shown  In  Figure  2.  The  materials  that  were  used  for  fabrication 
as  mentioned  previously  were: 

(1)  Qen>Gard  -  Nitrile  butadiene  rubber 

(2)  Oeneral  Tire  and  Bubber  9790-IV-29C  -  Styrene 
butadiene  rubber 

(3)  General  Tire  and  Rubber  7242-1 -ll4x  -  Butyl  rubber 

(u)  These  exit  cones  were  ftibrlcated  by  "laying  up"  the  rubber 
material  on  a  mandrel  conforming  to  the  required  Internal  contour.  After  the 
rubber  Vas  "laid  up"  to  the  required  thickness  (0.44  in.  at  the  entrance#  tapering 
to  0.20  In.  at  the  exit)#  It  vas  circumferentially  wrapped  with  a  single  layer  of 
nylon  cord.  The  part  was  then  placed  In  an  autoclave  for  curing.  No  longitudinal 
stiffeners  were  provided#  because  the  walls  of  the  exit  cones  were  comparatively 
thick  in  relation  to  their  diameters  and  therefore  were  not  expected  to  be  subjected 
to  vibrations  that  were  exhibited  In  larger  exit  cones  tested  by  LRO. 

The  heat-transfer  analysis  of  the  subscale  exit  cone  fabricated 
from  Gen-Gard  V-44^  is  presented  In  III#B#2#a#(2). 

e.  Metallic  Subscale  Exit  Cones 

(u)  The  two  metallic  exit  cones  (one  of  columblum  and  one  of  90^ 
tantalum**  lO^tungAteq)  that  were  tested  were  fabricated  In  the  extended  or 
nonconvoluted  (unpackaged)  position#  as  shown  In  Figure  3#  bo  that  only  the 
capability  of  the  material  to  withstand  the  thermal  and  pressure  loads  in  the 
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tMLS  1 

FtOramBS  OP  Am  2682  JN  MOO  IX  nomLANT  («) 


Poraulatlon 

Aaaanlitm  Ferehlorata 

65.00 

Aluminum 

17.00 

Binder 

18.00 

Prop<rtla«« 

0.00620  (®-ao)  0  ^ 

r  -  0.039«  p 


”  '  -0.00082  (T-ao)  0  ^ 

K  -  3*06« 

Mtclumlol  PrODTtl*! 


40 

0. 

XL 

5 

22 

49 

®aa' 

767 

400 

129 

*o»  P«i 

23,090 

4,230 

575 

Tte«»»oton— ie  PropwtlM 
8p«elflc  l«pula«,  Ibf-aee/llM 

Tbaoratlcal  261.6 

KxparliMiaUl  Sk3.2»* 

Cb«tt*r  nuo  taqpmtura,  ®?  56»  at  1000 

5S0O  at  ^ 

Zxbauat  flaaa  ti^aratura,  ^  3235  at  iQOO 
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III,  B,  Subscale  Test  Program  (cont.) 


deployed  position  vas  determined.  These  cones  were  fabricated  from  0.005 -in. -thick 
sheet  metal.  The  test  exit  cones  were  Instrumented  with  thermocouples  to  check  the 
predlcced  radiation  levels. 

(u)  ease  the  fabrication  problem  of  welding  a  flange  to  the 
0,005-in. -thick  exit  cone,  it  was  deemed  advisable  to  Incorporate  a  local  inner 
ring  of  0.010-in. -thick  material.  This  introduced  a  local  discontinuity  in  the 
gas  flow  just  downstream  from  the  resulting  0.010-in.  step.  An  analysis  of  the 
expected  effects  on  the  heat  flux  in  this  region  indicated  they  would  be  slight 
(Ref  k)  and  would,  therefore,  not  jeopardize  the  design.  This  assuatptlou  proved 
to  be  true. 


f.  Subscale  Igniter 

(u)  The  Igniter  to  be  used  for  the  subscale  tests  consisted  of 
7  gm  of  BPN  pellets  loaded  Into  a  plastic  capsule.  Igniters  of  this  type  were 
used  successfully  to  ignite  end-bumlng  grains  in  5KS-500  motors  under  altitude 
conditions  and  proved  adequate  for  this  program. 

2.  Subscale  Design  Supporting  Studies 
a.  Heat  Transfer 

(O)  This  'sefctlon  presents  the  final  results  of  the  heat- 
transfer  analyses  that  were  completed  in  support  of  the  subscale  test  program. 
Included  are  predicted  temperature  profiles,  erosion  depths,  and  equilibrium 
temperatures  of  the  subscale  nozzle  and  exit  cones.  A  brief  discussion  of  the 
physical  parameters  and  procedures  utilized  la  these  studies  is  also  presented. 
All  transient  thermal  analyses  were  made  for  a  6o-sec  firing  with  a  constant 
chamber  pressure  of  500  psla.  The  AIIP-2862  JM  Mod  II  propellant  to  be  used  on 
this  program  had  the  following  thermal  and  transport  properties; 

AIIP-2862  at  500  psia 

=  5500*F 
=  0.0063  Ib/sec 
H  =  6.11  X  10~^  Ib/ft  sec 

C  =  0.505  Btu/lb  'F 
P 

Frandtl  No.  =  0.450 

(u)  Baaed  on  these  data  and  the  appropriate  equations  given 
in  Appendix  II,  the  throat  heat  transfer  coefficient  is  2700  Btu/hr  ft2  "p.  At 
stations  away  from  the  throat,  the  above  heat-transfer  coefficients  were  modified 
as  a  function  of  area  ratio  by  the  procedure  outlined  In  Appendix  II. 
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III,  B,  Subscal'e  Test  Program  (cont.) 


(u)  with  the  above  heatljig  55  bOUSdsry  CCSdlticnit,  sUL 

temperature  predictions  were  calculated  using  one  of  the  tvo  separate  pt  -.iletl 
solutions  to  the  general  transient  heat  flow  equation  that  are  programed  on  the 
19!  709U  coBqkUter.  A  description  of  each  computer  program.  Including  an  outline 
of  the  applicability  of  each  solution  for  various  nozzle  configurations, Is  given 
In  Appendix  III. 

(u)  Thernml  property  data  for  all  amterlals  used  herein  are 

noted  In  Table 


(1)  Nozzle 

(u)  The  initial  thermal  evaluatloa  considered  the  thiroat 
region  of  the  subscale  nozzle.  This  configuration  (Figure  4),  because  of  its 
small  throat  diameter,  was  analyzed  considering  both  radial  and  axial  beat  flow. 
Resulting  temperatures  are  noted  In  Figures  g  and  ^  for  the  various  point 
locations  given  in  Figure  4.  Figure  5  represents  the  throat  region  vbareln  the 
predicted  surface  temperature  level  for  the  tungsten  will  be  approximately  4igo*F 
after  a  6o~8ec  firing.  Internal  temperatures  at  this  time  will  be  357$  and  224o*F 
at  the  tungsten>graphlte  and  grapblte-slllca  i.iterfaces,  respectlvalj.' 

(u)  The  thermal  environment  of  the  silica  tape  backup  will 
vary  between  2240  to  290*F  on  the  exterior  surface.  Local  charring  of  the  silica 
can  be  expected  to  a  depth  of  approximately  half  the  original  tbicknaes.  This 
condition,  however,  will  not  adversely  Influence  the  design,  bssause  ths  charred 
material  still  provides  adequate  thermal  pirotaeti-.n. 

(u)  Data  given  In  Figure  6  rev  'asants  *1^  ratio  of 
6.9.  Here  the  temperature  rise  is  a  nominal  3200*F  o;^  tbs  grsphlta  surface. 
Interior  temperatures  are  202g  and  260*F,  reepectlvel. ,  OB  each  Side  Of  the  silloa 
tape.  Again,  local  charring  can  be  expected  and  will  oa  the  earns  as  found  in  tbs 
throat  region. 


(^)  in  general,  no  undue  ten^is.*aturs  condition  was  found  to 
exist  in  the  subscale  nozzle  throat  region. 

(2)  Elastomeric  Exit  Cones 

(u)  Analysis  of  the  rubber  expandable  exit  cones  Included 
consideration  of  several  possible  material  loss  ttecbanlsas.  First,  a  one- 
dimensional  temperature  prediction  at  two  area  ratios  (23.8  and  46.6),  wherein  the 
local  heat  transfer  coefficients  are  igg  and  84. g  Bti^hr  ft^  *F,  raapectlvely, 
assumed  zero  material  loss.  The  rubber  used  wes  V-4J^,  and  the  resulting  temperature 
histories  for  a  0.30’ln.  layer  at  each  location  are  given  In  Figure  7* 
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THOUC  g 

THERMAL  PROPRStTY  DATA  ?OR 

expaiidabus  nozzle  program  materials 


Material 

Tenm.  "F 

Conductivity, 
Btu/hr  ft*? 

Density, 

lb/ft3 

Specific  Hast, 
Btu/lb*F 

AU 

75 

6Jf.5 

106 

0.205 

1500 

35.0 

0.442 

3000 

2k. 1 

0.530 

5000 

21, k 

0.550 

Tungsten 

Avg. 

67.0 

1187 

0.039 

90Ta  -  low 

Avg. 

44.5 

1050 

0.030 

Columblum 

Avg. 

31.0 

535 

0.065 

V-41^ 

750 

0.133 

80.8 

0.4l 

Steel 

Avg. 

23.0 

489  - 

0.123 

Fbe  nolle -lopregnated 

Avg. 

0.171 

71.8 

0.40 

Inaulatlon 
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Figure  4.  Map  of  Subacale  Noasle  for  Ihcraal  Aaalyals 
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III,  B,  Subscale  Test  Program  (cont.) 


(u)  rux  LIils  utiisc,  Llie  calculated  temperaxures  range  tron 
approximately  Ugoo^F  on  the  interior  surf^e  to  300 °F  on  the  exterior.  These  con¬ 
ditions  are  hypothetical  in  that  the  V-UU®rubber  is  not  capable  of  withstanding  siieh 
a  severe  thermal  environment. 

(u)  It  has  been  found  from  plasma-jet  tests  performed  at 
Aerojet-General  that  the  tenqperature  of  Initial  pyrolysis  is  approximately  500  to 
750°?,  while  the  effective  surface  temperature  of  the  char  is  as  high  as  2800°F 
(Bef  5)  <  The  magnUnide  of  char  siurface  ten^erature  has  been  verified  by  thermocouples 
buried  within  V-44® rubber  insulation  in  the  entrance  region  of  a  solid  propellant 
motor  nozzle. 


(u)  It  was  also  found  that  the  measured  local  erosion  rate 
could  be  correlated  with  analytical  estimates  for  a  fairly  large  variation  in  flow 
velocity  and  pressure  (heat  flux)  if  the  "effective  heat  of  ablation"  were  taken  as 
2500  Btu/lb. 

(u)  Consideration  of  locsil  flow  similarity  between  the  expa- 
dable  nozzle  exit  cone  flow  conditions  and  the  ejqperlmental  data  obtained  in  the 
entrance  region  indicates  a  lower  thermal  environment  but  slightly  higher  wall  shear 
stress  will  exist  in  the  exit  cone.  As  a  result,  it  is  anticipated  that,  due  pri¬ 
marily  to  the  higher  shear  stress  acting  on  the  char  layer,  a  slightly  Increased 
erosion  will  exist  in  the  exit  cone. 

(u)  The  expected  temperature  histories  at  the  same  locations 
given  above  (considering  the  best  estimate  of  local  V-4l®  rubber  erosion)  are  pre¬ 
sented  in  Fi^re  8.  For  a  60-8ec  firing,  approximately  O.io  in.  of  erosion  is 
expected  at  the  lower  area  ratio. 

(u)  Near  the  exit  plane,  local  erosion  was  estimated  to  be 
approximately  0.13  in*;  the  estimated  backside  temperature  for  a  0.3-in>  thickness 
was  600°F  at  60  sec.  Based  on  this  analysis,  a  wall  thickness  of  0.4  in.  was 
selected  for  the  elastomeric  exit  cones  tested  in  the  subscale  program. 

(u)  All  estimates  of  V-  4#  erosion  assume  that  degradation 
and  subsequent  material  loss  are  the  result  of  only  the  local  thermal  environment. 
The  Influence  of  mechanical  forces,  with  the  exception  of  the  shear  stress  trans¬ 
mitted  from  the  gas  to  the  wall,  wMch  is  indirectly  Incorporated  in  the  above 
erosion  estimates  (Reynolds  analogy),  was  not  included  because  of  the  lack  of 
pertinent  data. 


(u)  It  is  obvious  that  rubber  exit  cones  will  not  exhibit 
the  rigidity  which  exists  within  the  entrance  region  of  a  nozzle.  Thus,  the 
influences  of  vibration  and  amplitude  of  motion  for  the  exit  cone  extensions  will 
be  to  Increase  material  loss.  It  is  possible  that  these  mechanical  forces  could 
rtrlp  the  char  layer  as  fast  as  it  Is  formed.  As  an  example,  a  prediction  of  the 
loss  rate  for  the  upstream  area  ratio  indicates  a  0.3-ln.  layer  could  he  lost  in 
3.5  sec,  assuming  insnediate  removal  at  a  char  formation  tes^erature  of  750 °F. 
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III,  B,  Subscale  Test  Program  (cont.) 


(u)  Inclusion  of  the  mechanical  effects  for  erosion  predic¬ 
tions  will  denend  rH-r*>c+i^r  the  surface  t*i,uj-e  01  tne  exit  cone  material. 

First,  the  surface  temperature  determines  the  rate  of  heat  transfer  between  the 
gas  and  the  wall;  the  higher  the  value,  the  lower  will  be  the  Rt.tendent  heat  input 
and  char  formation  rate . 

(u)  Second,  the  strength  temperature  relation  of  the  material 
will  be  Important.  The  char  strength  must  be  as  high  as  possible  so  as  not  to  fall 
under  the  mechanical  loads.  An  estimate  of  the  time  for  failure  of  a  0.3-ln.  V-41® 
layer  at  an  area  ratio  of  23*8  for  various  maxinnam  char  surface  ten^aeratures  is 
summarized  as  follows: 

Surface  Temperatures ,  °F  Estimated  Time  to  Erode  0.3  iP»  of  V-  sec 
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III,  B,  Subscale  Test  Prograra  (cent.) 


(u)  T'.ie  above  ^eE^Jlts  were  obtained  by  using  the  total 
Rfll v1  t;v  r»f*  hhp  ■niiTP  nn+’.T’ofir.A/l  VCTC; 

Columbl-om  e  »  0.179  at  3*^00 *F 

e  =  0.202  at  360C"F 
90Ta  -  low  e  =  0.328 

(u)  If  there  were  suitable  exterior  coatings  available  that 
could  Increase  the  effective  emlsslvity,  bhe  egulllbrium  tenperature  could  be 
decreased  as  indicated  In  the  following  aumoary: 


Assumed 


Emlsslvity 

Area  Ratio 

Material 

Tenqperatu] 

0.6s 

23.8 

Coliimbiuffl 

3233 

0.65 

23.8 

90  Ta  -  low 

3221 

0.65 

46.6 

Columbium 

2833 

0.65 

46.6 

90  Ta  -  low 

2758 

0.85 

23.8 

Colunibiuia 

3089 

C.85 

23.8 

90  Ta  -  low 

3080 

0.85 

46.6 

Columbium 

2697 

0.85 

46.6 

90  Ta  -  low 

2638 

(u)  Because  the  metallic  exit  cones  can  wltlistand  the  buclcllng 
loads  (Appendix  IV)  when  op«ratli.g  at  the  temperatures  predicted  from  the  low  emls- 
slvlty  values,  no  atteo^t  was  mode  to  coat  the  surface  of  the  metallic  exit  cones 
to  Improve  the  emicsivlty  of  the  surface,  as  this  effort  was  beyond  the  scope  of 
this  program. 


b.  Therma]  Stress 

(u)  The  thermal  stress  analysis  of  the  subscale  motor,  nozzle, 
and  metallic  exit  cone  Indicated  that  all  stress  levels  were  well  within  satis¬ 
factory  levels  to  withstand  the  required  firing  conditions.  This  coiiQ>lete  and 
eomprehenslve  study  is  included  as  Appendix  IV,  along  with  the  description  of  the 
digital  computer  program  utilized. 

(u)  The  analysis  Indicat  d  that  the  critical  stress  for  the  sub¬ 
scale  metallic  exit  cones  was  the  hoop  stress  In  the  columbium  cone.  The  margin  of 
safety  for  this  critical  condition  wa3  I.63. 
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III,  B,  Subscale  Test  Program  (cont.) 


3.  Subscale  Test  Resull s 

(u)  A  oeriets  uP  11  subscale  tests  vere  cooducted  In  the  stecui  ejector 
altitude  facility  at  Aeojet-General's  Von  Kanaan  Center  during  the  first  and  second 
week  of  November  1964.  A  complete  discussion  of  the  test  results,  as  well  m  the 
test  objectives,  is  presented  In  the  following  sections. 

a.  Subscale  Motor 

(u)  The  motor,  nozzle,  and  exit  cones  that  vere  tested  on  the  stib- 
scale  program  are  shown  in  Figure  1.  (Figure  1  indicates  a  throat  Inseru  of  silver- 
infiltrated  tungsten,  whereas  on  the  test  series  some  of  the  Inserts  were  silver- 
infiltrated  tvmgsten  and  others  were  forged  tungsten  ) 

(a)  The  motors  and  fixed  nozzles  survived  the  complete  test  series 
in  excellent  condition.  The  graphite  entrance  pieces  and  tne  graphite  exit  cones 
had  very  little  erosion.  The  throat  inserts  had  no  erosion,  but  they  were  coated 
with  aluminum  oxide  deposits  at  the  end  of  the  firing. 

(u)  Pressure-time  and  thrust- tljne  histories  for  each  test  are  pre¬ 
sented  in  Figures  9  thru  I3.  As  is  evident  on  these  Curves,  the  thrust  traces  are 
all  neutral,  whereas  the  pressure  traces  are  all  regressive  to  varying  degrees. 

(u)  One  reason  for  the  overpressurization  evident  at  the  start  of 
each  test  is  the  aluailnun  oxide  deposits  that  occur  in  the  throat.  At  the  beginning 
of  each  test  the  aluminum  deposits  on  the  small  (0.427*in.-dla)  cold  throat  insert, 
thereby  reducing  tbC throat  area  and  raising  the  chaodter  pressure.  The  thrust  tends 
to  remain  relatively  constant  as  long  as  the  nozzle  throat  area  Is  reduced  in  pro- 
porticn  to  the  pressure  rise. 

(u)  The  thr*?tt  curves  are  in  question  because  a  zero  shift  occurred 
during  each  test,  a^  a  complete  force  calibration  of  the  test  fixture  was  not  made 
for  each  test.  The  oscillograph  records  do  indicate  that  the  thrust  was  neutral  as 
shown,  but  the  absolute  value  of  the  thrust  cannot  be  determined  with  sufficient 
accuracy  to  establish  exit  cme  thrust  performance  in  the  subscale  test. 

(u)  Excellent  performance  data  were  obtained  on  demonstration 
tests  conducted  at  Arnold  Engineering  Development  Center  that  served  to  verify  the 
near- theoretical  perfozmance  capability  of  packageab].e  exit  cones.  These  results 
are  discussed  in  the  Demonstration  Tests,  III,C,2. 

(u)  The  subscale  tests  did  provide  (l)  erosion  data  on  the  tested 
elastoBsrlc  materials,  (2)  a  screening  vehicle  for  the  two  tested  metallic  materials, 
coluaiblum  a>^d  90Ta  -  lOW,  and  (3)  heat  transfer  data  on  all  of  these  materials. 
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III,  B,  Subacale  Test  Brogrui  (cont.) 


b.  BlMtoaerie  Eslt  Cooea 

(u)  Sbe  elMtoMrle  exit  cone  that  xaa  tested  oo  tbe  subseale 
aotor  is  shown  in  rigure  ik.  The  aaterials  tested  were: 

(1)  Oen-Oard  -  litrlle  butadiene  nibber,  silica^  and 

asbestos-filled,  reinforced  with  a  s/lon  cord  wrap. 

(2)  General  Tl>  e  and  Rubber  9790-IV-29C  -  Styriene  butadiene 
rubber,  silica-  and  asbestos-filled,  reinforced  with  a  nylon  cord  wrap. 

(3)  General  Tire  and  Rubber  7242-I-ll4x  -  Butyl  rubber, 
silica-  and  asbestos-filled,  reinforced  with  a  nylon  cord  wrap. 

(u)  Bach  of  the  above  Materials  showed  proolse  for  use  in  fold¬ 
able  exit  cones.  Bach  Material  that  was  tested  for  a  20-sec  duration  survived  in 
excellent  condition. 

(u)  An  anoaaly  that  was  exhibited  on  all  the  elastasMrle  exit 
cones  tested  was  the  presence  of  longitudinal  grooves  that  ran  the  length  of  the 
cone  and  were  spaced  around  the  perineter,  giving  the  part  a  scalloped  effect. 

This  grooving  can  prcbably  be  attributed  to  the  alxminum  oxide  deposits  in  the 
thxoat,  which  would  result  in  an  asysnetricel  flow  pattern  and/or  the  "sluffing 
off"  of  these  hot  alualnua  deposits  and  ccxtld  sear  the  elastoneric  aatsrlal. 

(u)  Notion  picture  coverage  was  provided  on  each  of  the  60-sec 
tests.  7ran  the  flln  it  was  deteralned  that  the  amount  of  exit  cone  flatter  during 
the  tests  was  negligible.  There  did  appear  to  be  some  vibration  near  the  end  of 
these  tests  after  the  elastomeric  wall  had  been  eroded  in  the  exit  area. 

(u)  An  examination  of  the  fired  parts  .showed  tbat  there  was  high 
erosion  in  the  exit  area  on  the  longer  tests.  As  the  part  eroded  and  the  wall 
thickness  was  reduced,  the  ability  to  withstand  the  pressure  loads  was  impaired. 
Once  the  part  became  weak  enough  to  allow  vibration,  the  char  layer  was  broken  off, 
and  the  erosion  process  accelerated. 

(1)  Nitrile  Butadiene  (V-4#) 

(u)  The  pressure,  thrust,  and  temperature  traces  for  the 
three  tests  are  shown  in  Figures  9  and  15.  Hie  postfire  condition  of  the  three 
exit  cones  fabricated  from  this  material  is  shown  on  Figure  l6.  The  V-4V  material 
proved  to  be  the  best  of  the  three  caadldates  on  the  6o-sec  tests. 
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III,  E,  Subscale  Test  ProgicsiB  (ccifit.) 


(**.)  20-Ssc  Test 

(u)  The  totaJ.  erosion  has  ^pproxlaately  3^  8^  or  l6.9]( 
of  total  weli^t.  Prorated  over  the  entire  surfsuce  area  ei^sed  to  the  flaae,  this 
would  amount  to  an  erosion  of  O.0683  in.  or  3>^  mlla/see.  The  indicated  temperature 
rise  on  the  back  side  was  nlninal,  as  was  predicted  for  this  short  duration. 

(b)  40-Sec  Tesu  , 

(u)  The  total  erosion  was  approximately  105.5  gm  or 
of  total  weight,  and,  prorated  over  the  entire  surface  area,  0.205  in.  of  erosion. 
Actually,  the  erosion  was  more  pronounced  downstream  at  the  exit  section.  As  can  be 
seen  in  Figure  I6,  the  exit  is  scalloped,  the  Jiaterlal  is  completely  eroded  in  some 
pleu>es,  and  is  paperthln  at  other  p' tints.  Tiie  thermocouples  located  idMire  the  area 
xatio  was  U6  to  1  measured  a  temperature  rlre  late  in  the  test  because  of  thm  hig^ 
eroirlon  in  this  area. 

(c)  60-Sec  Test 

(u)  The  total  erosion  .n  this  test  waa  approriaately 
66  gm  or  31^  of  total  weight.  Over  the  e'  '  surx'sce  th:k.8  would  amount  to  0.129  in* 
of  erosion.  As  can  be  seen  from  the  weig.  loss  &b>wu  '  ':‘>'ible  3  and  the  photograph 
shown  in  Fis’vUre  16,  this  part  was  in  better  cotdltion  thiin  '  he  one  from  the  UO-sec 
test.  There  is  no  known  explanation  for  this  anomaly  because  there  were  no  known 
variations  in  test  conditions  or  material  properties.  The  exit  section  on  this  exit 
cone  did  become  bell-shaped  during  the  firing,  and  this  is  clearly  evident  in  the 
motion  pictures  late  in  the  test. 

(2)  Styrene  Butadiene 

(u)  The  pressure,  thrust,  and 
tests  are  shown  in  Figures  10  and  17.  The  postfire  p.\ 
cones  is  shown  in  Figure  I6.  This  material  was  the  bei- 
for  Uo  sec,  but  it  was  destroyed  during  the  60-sec  test, 

(a)  20-Sec  Test 

(u)  The  total  erosion  was  approximately  36  gm  or  I6.96 
of  total  weight.  Over  the  entire  surface  this  would  amount  to  0.0702  in.  of  erosion. 
The  recorded  temperature  rises  were  miniraal. 

(b)  4o-Sec  Test 

(u)  This  exit  cone  was  the  best  of  the  three  tested  for 
40  sec.  Two  of  the  thermocouple  readings  indicated  a  100 "F  temperature  rise.  The 
other  thermocouple  Indicated  a  temperature  rise  to  315 at  26  sec,  at  which  point  the 


.  s  for  the  three 
these  exit 
'CFi  "^"terials  tested 
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IIT,  B,  SubBcale  Test  Program  (cont.) 


trace  went  off  the  oscillograph  paper.  Considering  the  excellent  condition  of  th« 


ptt£*0  dl  Ut«l'  UCBOXll|^l  «se^c^  \«dAe  oa  wa«amiuwwu^a«  iniigtiiwy 

ular  temperature  J.s  questionable. 


(c)  60-Sec  Teat 


(u)  The  part  lias  almost  completely  destroyed  during 
this  test;  as  is  evident  in  the  photograph  shown  in  Figure  liB.  The  films  of  this 
test  Indicate  that  the  failure  occurred  toward  the  end  of  the  test.  The  temperature 
recordings  show  the  first  bumthrough  at  the  exit  section  at  40  sec,  sM  the  other 
two  thermocouples  on  that  side  go  off-scale  at  4S  and  3^  sec  respectively.  Ihe  thermo¬ 
couple  at  the  exit  area  on  the  other  side  recorded  a  tenperature  peak  of  640°F  at  the 
end  of  the  test. 


(u)  The  motor  insulation  was  burning  after  motor 
shutdown,  and  part  of  the  damage  to  the  exit  cone  occurred  after  talloff,  as  indi¬ 
cated  by  the  thermocouple  readings  and  the  visual  evidence  when  the  altitude  chamher 
was  opened  after  the  test. 

(3)  Butyl 

(u)  The  pressure,  thrust,  and  temperature  traces  for 
the  tests  are  shown  in  Figure;?  11  and  19.  The  postflre  condition  of  each  of  these 
exit  cones  is  shown  in  Figure  20.  This  material  did  not  prove  to  be  the  best  for 
any  of  the  test  durations,  hut  It  was  not  significantly  inferior  on  any  of  these 
tests. 


(a)  20-Sec  Test 

(u)  The  pressure  port  was  plugged  for  this  test, 
and  no  pressure  record  is  available.  The  thermal  histories  show  minimal  tempera¬ 
tures  as  was  expected. 

(b)  40-Sec  Test 

(u)  The  trace  of  the  thermocouple  located  where 
the  expansion  ratio  was  S  s  46.6  went  off  the  graph  at  34  seconds.  Fostfirc 
visual  inspection  revealed  a  bumthrough  at  that  point. 

(c)  60-Sec  Test 

(a)  The  recorder  ran  out  of  oscillograph  paper  at 
44  sec,  so  laoet  of  the  data  of  the  end  of  the  firing  were  lost.  The  thermocouple 
readings,  from  a  strip  cliart  recorder,  show  peaks  at  the  end  of  the  test  at  an  area 
ratio  of  46.6.  An  examination  of  the  part  shows  that  the  material  had  eroded  hack 
to  the  thermocouple  leads. 
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III,  B,  Subscale  Teat  Program  (cont.) 


(u)  A  summary  of  tba  erosion  data  for  all  the  sub- 
Bccle  tests  is  presented  in  Table  3*  Figures  21  ttarouceh  23  ahow  the  aroaloa  at 
orose-sectlons  corresponding  to  c  23  and  e  »  35.  Srosion  data  vas  taken  at 
e  ^  33  rcther  than  at-  ^  =  46.6,  as  vas  used  in  the  analysis,  because  of  tlio 
severe  erosion  on  many  of  the  parts  at  the  higher  ei^ansion  ratio. 

(4)  CoDclusionc 

(u)  On  the  hsusis  of  the  sid>8cale  teats^  each  of  the  three 
materials  can  he  considered  prospects  for  foldable  exit  cones .  Each  survived  satis¬ 
factorily  for  a  duration  of  20  sec.  At  test  durations  greater  than  20  sec,  these 
particular  materials  (in  the  thicknesses  tested)  were  marginal. 

(u)  Because  successful  tests  £:t  durations  of  40  and  6b 
sec  were  achieved  during  this  test  series.  It  Is  also  evident  that  workable  designs 
can  he  made  for  these  longer  durations.  The  temperature  data  from  all  the  elastomeric 
tests  show  that  in  only  one  case  did  the  temperature  rise  above  200‘F  by  30  sec.  A 
maviimim  reading  of  313 °F  at  28  sec  was  recorded  on  this  case  before  the  trace  vent 
off  the  oscillograph  paper. 


(u)  Furthermore,  the  movies  of  the  60-8ec  tests  also 
verify  the  Integrity  of  the  tested  exit  cones  through  more  than  half  of  the  firing. 

(u)  Most  of  the  material  loss  occurred  in  the  high- 
expansion  portion  of  the  elastomeric  exit  cones.  Because  all  of  the  tested  eubscale 
psxts  had  a  tapered  wall  section  (from  0.4  to  0.2)  end  are  cantilever  supported, 
the  exit  portions  of  these  parts  are  not  so  structurally  stable  as  the  entrance 
section.  Thus,  the  greater  material  loss  in  this  portion  of  the  eicit  cones  can  be 
attributed  In  part  to  the  difference  in  the  rigidity  of  vail  section,  even  thou^ 
the  heat  flux  Is  approximately  hadf  that  of  the  entrance  section - 

(u)  On  this  basis,  an  elastomeric  demonstration  exit 
cone  with  a  firing  duration  of  30  sec  can  be  Resigned  with  a  high  degree  of  confi¬ 
dence  using  any  of  the  above  materials.  V-44V  oaterlal  selected  for  the  demon¬ 
stration  tests  for  the  following  reasons: 

(1)  The  minimum  erosion  on  the  suhscale  6o-8ec  test; 

(2)  The  great  amount  of  test  data  from  subsonic 
applJ.cations  for  use  in  design  and  test  couparlsons; 

(3)  The  availability  of  this  Bt«undard  material  with 
complete  specification  control;  and 

(4)  The  fabrication  experience  with  V-  41^ 

based  on 

the  many  subsonic  applications  in  which  it  is  presently  used. 
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III,  B,  Subscale  Test  Prograa  (cont.) 


c.  Net:aiJ.ic  exit  uoaes 

(u)  One  colAiMbiuB  and  one  90Ta  -  lOW  aatalUe  exit  cone,  each 
■ade  fron  0.005-ln. -thick  sheet  stock,  vere  tested  for  Uo  sec.  The  eoluabliss  ^t 
cone  survived  the  test  in  excellent  condition,  irtiereas  the  90Ta  -  lOW  broke  clrcusi- 
ferentiaiiy. 


(1)  Coluablua 

(u)  nie  postfire  cendition  of  the  coloBblui  exit  cone 
is  shown  in  Figure  2b,  and  the  pressure  and  thzust  history  in  Figure  12.  The 
recorded  operating  teaperature  of  2200**?  (Figure  25)  for  the  coliabiua  was  approxi- 
laately  lbOO”F  below  the  calculated  value  of  ^60”?.  This  Is  attributed  priasurily  to 
aluminum  oxide  deposits  during  the  test.  The  aeasured  wall  teaperatures  are  below 
the  solidifieation-teiqmrature  for  alTiminviat  oxide  and  would  ceuise  the  alualnua 
particles  to  deposit  on  the  cold  wall. 

(u)  Calculations  show  that  a  0.037-iu.  layer  of  AI2O3 
at  an  C  s  23  «nd  a  O.ObO-in.  layer  of  AlgOo  at  an  ft  ■  U6  would  reduce  the  wall 
teaperature  to  2200‘‘F.  The  alminum  oxide  d^sit  is  a  good  insulator;  the  flsae 
surface  remains  hot,  and  thus  reduces  the  total  heat  flux  to  the  iaill..  The  alualnum 
oxide  layer  deposited  on  the  exit  cone  varied  from.  0.010  to  0.028  in. 


(u)  The  films  of  this  test  are  of  good  quality  and  show 
the  exit  cones  heating  to  a  glowing  orange.  Actually,  the  exit  cone  lutd  bright  and 
dark  areas  that  changed  throughout  the  firing.  This,  again,  is  attributed  to  a 
deposition  layer  that  changes  in  thickness  through  the  teat. 

(2)  90Ta  -  low 

(n)  A  postflre  photograph  of  the  S>0Ta  -  lOW  exit  cone 
is  shown  in  Figure  26.  Ibe  pressure  and  thrust  histories  are  shown  in  Figure  13 
and  the  teaperatvxe  record  In  Figure  27*  This  exit  cone  broke  circumferentially, 
but  the  time  of  the  break  is  not  kvown  with  any  degree  of  certainty.  The  thrust 
trace  is  essentially  nei'.tral  throughout  the  firing,  which  would  indicate  that  the 
break  did  not  occur  before  tailoff . 

(u)  A  possible  cause  nf  the  fracture  was  a  gaseous 
nitrogen  purge  thi^t  was  directed  at  the  part  aft-Ji;'^  the  motor  was  shut  down.  The 
I>art  appeared  intact  at  the  end  of  the  test,  but  thu  end  came  off  when  the  motor 
was  remo^-cd  from  the  test  chamber.  The  movies  of  this  test  are  of  poor  qv  l.lty 
because  the  castera  window  became  clouded  during  the  test;  therefore,  the  movies 
do  not  help  in  detexmlning  the  time  of  part  failure.  An  examination  of  the  fracture 
indicates  a  clean  break  and  not  a  burn  through;  furthermore,  there  are  no  oxide 
deposits  as  would  be  expected  if  the  break  occurred  during  the  test. 
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Figure  25.  Backeide  Temper atures  Tor  Colutbiue  Subscale  Bxlt  Cone 
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Figure  26.  Foetfire  90r«  -  lOW  Sttbecale  Exit  Cone 
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I.n,  B,  r.ubocaie  Test  Program  (cont.) 


^  y  ^  k  kj  **  w  A  u  kk/JCk  u  .^1  j  I  im  ^  (.UIL  O  ^  CJ  ac  f  TkXIC 

9'^Ta  lOV.'  dxlu  u-une  had  a  xayer  of  aluminum  oxide  deposits.  The  hot  surface  of 
i  kie  aluminum  oxide  that  is  exposed  to  the  flame  reduces  the  heat  flux  into  tne  uull; 
tnis  accounts  for  the  therraocouple  readings  that  were  1300°?  telow  the  predicted 
value. 


(u)  Welding  of  the  90Ta  -  lOW  exit  cone  was  much  more 
difficult  than  was  the  welding  of  colurahium.  Although  part  of  the  90Ta  -  lOW  frac¬ 
ture  occurred  in  part  at  the  weld  seam,  the  failure  did  not  seem  to  be  due  to  the 
weldment . 


(3)  Conclusions 

(u)  On  the  basis  of  these  two  tests,  columblum  appeared 
to  be  the  better  prospect  for  use  or  the  demonstration  exit  cones .  The  results  of 
the  tests  with  90Ta  -  lOW  suggest  that  this  material  can  be  used  for  a  radiation- 
cooled  exit  cone  and  probably  would  be  required  for  more  severe  temperature  condi¬ 
tions.  Other  advantages  of  columblum  for  rsuiiatlon-cooled  exit  cones  is  lower  cost, 
lower  weight,  and  ease  of  fabrication  as  compared  to  90Ta  -  lOW. 
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III,  Technical  Discussion  (cont.) 


U.  JJiJiMUUBTKAXlUJ')  X£-i5X 

(u)  This  program  culminated  with  the  fii'int  of  three  demonstration  exit 
cones  at  Arnold  Engineering  Development  Center.  Two  of  these  exit  cones  were  V-41^*, 
and  the  other  one  was  fabricated  from  coluribium.  These  tests  were  conducted  at  a 
simulated  altitude  of  110,000  ft. 

(u)  Prior  to  the  demonstration  tests  at  AEDC,  a  demonstration  motor  was 
fired  at  Aerojet-General,  Sacramento.  This  test  was  at  sea  level  and  served  to 
qualify  the  motor  for  the  AEDC  tests.  For  this  test,  prospective  elastoaerlc 
materials  were  assembled  to  the  exit  cone  in  an  attempt  to  provide  additional  data 
on  the  erosion  resistance  and  char  retention  capabilities  of  these  materials. 

(u)  All  the  material  samples  were  eroded  and/or  blovm  out  by  the  gas  stream 
so  that  no  useful  erosion  data  was  obtained  on  this  test.  This  test  served  to  verify 
the  grain  design,  acceptability  of  the  propellant  batch,  and  nozzle  design. 

(u)  A  discussion  of  the  design  that  was  tested,  as  well  as  the  supporting 
activities  involved  in  the  demonsl ration  program  is  presented  in  the  following 
sections . 


1.  Demonstration  Design 

(C)  The  significant  parameters  of  the  demonstration  motor  (Figure  28) 
using  the  AMP  2862  014  Mod  II  propellant,  are  as  follows: 


Chamber  pressure,  psia 

500 

Nominal  thrust,  Ibf 

5000 

Flame  temperatures, 

5500 

Aluminum  content,  Wt  $ 

IT 

Throat  8u:ea,  sq.  in. 

5.80 

Mass  flow  rate,  Ib/sec 

18.5 

Firing  duration,  sec 

27 

Propellsuit  grain  diameter,  In. 

14.6 

llant  burning  surface,  In.^ 

114^; 

Prope.llant  weight,  lb 

525 

For  the  qualification  test  at  lea  level: 
Expansion  ratio 

8:1 

For  the  four  demonstration  tests  at  AEDC: 
Expansion  ratio  of  fixed  nozzle 

20:1 

Expansion  ratio  of  test  fixture 

20:1  to  50:1 

a.  Motor.  Chamber 

(u)  The  chamber  was  a  modttied  chamu«.  ./•i.gthaJly  .designed  for 

the  Genie  motor  (see  Figure  28).  In  addition  to  an  extensive  '  history  with  dif¬ 

ferent  propellant  formulations,  the  hardware  had  been  used  successfully  for  other 
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ill,  C,  Demons Lration  Test  Progi-Em  (cont.) 


develofflieu'..  teots  during  which  t.he  following  operating  conditions  were  achieved i 
aitiiade  isnltlon,  ly-lb/sec  mass  now,  XH,'wu-ior-Drru8T;,  ana  «  ouu-psia  operating 
pressure.  The  hydrotest  pressure  for  this  chamber  is  1200  psl, 

(u)  Because  these  conditions  exceed  the  requirements  of  the  present 
progrcra,  this  chamber  was  selected  with  a  high  degree  of  confidence.  A  liscussion 
of  the  stress  analysis  for  this  chamber  is  presented  in  Appendix  IV. 

h.  Grain  Design 

(u)  To  obtain  the  required  thrust  '.level,  and  firing  duration,  It 
was  necessary  to  use  a  keyslot  grain.  The  keyslot  grain  used  in  the  develcpneat 
motors  is  shown  In  Figure  28.  This  particular  grain  had  previously  been  fired 
twice  successfully  by  Aerojet-General  in  the  DM-lU  chamber. 

(u)  This  grain  design  was  analyzed  with  a  computer  program  that 
takes  into  account  the  effects  of  erosive  turning.  The  preducted  pressure  and  thrust 
histories  r.re  presented  in  Figure 

(u)  The  use  of  a  keyslot  grain  raises  the  poaslblllty  of  aeynmetric 
gas  flow  In  the  nozzle.  It  was  expected  that  the  entrance  devotion  of  the  hozzle 
would  experience  asymmetric  erosion,  but  that  any  asynmetrlc  flow  condition  would 
not  exit  downstream  to  the  point  at  which  the  test  exit  cenes  were  to  be  attached* 

(u)  The  sea  level  qualification  test  did  reveal  an  excessive 
amount  of  erosion  at  two  points  in  the  aft  chamber  Insulation.  At  th^ae  two  points 
the  chamber  inner  wall  was  exposed  for  an  area  approximately  one  In.  In  dHuMter:  .The 
exposed  steel  wall  was  coated  with  aluminum  oxide.  This  localized  erosion  was  next 
to  the  chaitber  side  wall  and  existed  at  two  points  on  the  opposite  side  of  the 
chamber  from  this  passage.  An  AeroJet-General-proprietary  trowelable  rubber  insula¬ 
tion  (SD-S^O-I^B)  was  installed  in  the  four  demonstration  motors  tc  he  tested  at 
AIIDC  to  provide  additional  protection  in  this  area 

c.  Nozzle  Design 

(u)  The  nozzle  to  be  used  on  the  demonstration  motor  (Figure  28) 
was  similar  to  the  one  used  on  the  subscale  motor,  namely,  a  tungsten  throat  hacked 
up  by  graphite  and  insulated  from  the  steel  housing  by  silica  cloth.  This  nozzle 
was  thermally  analyzed,  and  the  expected  temperatures  in  the  throat  region  and  exit 
cone  are  presented  in  Figure  3C.  Surface  temperature  of  the  insert  attain  U300*F 
maximum  at  30  sec,  and  a  gradient  of  900*F  was  predicted  to  vary  from  34oo*P  on  the 
flame  surface  to  a  nominal  10C*F  on  the  exterior  surface.  No  extreme  thermal 
environment  was  found  for  the  throat  design. 


Page  S3 

CONFIDENTIAL 


(This  XtMMf... 


Pressuxe 


a-  IDBNTIAL 


figure  29*  OcBon^tratioa  Mater  Pr«£ict«4  Ir'ressure  and  Thrust  Hiator  >■ 

Page 

mnmmi 

’  . . .  - 


Ibzuvt,  Ibf 


Sllv»*r  Infll. 


ATJ  Graphite 


Report  AniPL-rR-66-'i5 


III,  C,  Demonstration  Test  Program  (cont.) 


(u)  The  igniter  used  with  the  demonstration  motor  was  an  altered 
juuducLiou  igni'.er.  Model  (Figure  31) j  with  Aico  pellets  replaced  ty  BHf  pellets. 
In  addition,  an  auxiliary  torus  chamber  and  initiating  squibs  were  incorporated  to 
provide  a  larger  ignition  charge.  The  necessity  for  this  revision  became  evident 
on  the  sea  level  q;dallflcatiou  test.  The  auzil.iary  igniter  charge  was  not  used, on 
this  firing,  and  the  motor  had  an  abnormally  long  ignition  delay,  indicating  a  marginal 
igniter  design.  The  revised  igniters  provided  successful  antor  Ignltlcm  In  the  ABOC 
tests. 

e.  Elastcmerlc  Exit  Cones 

(u)  The  dem«etratlon  elastomeric  exit  ernes  (Figure  3^)  were 
scaled  up  versions  of  the  V-4^  subscale  exit  cones  wltn  the  following  changes: 

(u)  The  wall  thickness  was  made  a  constant  0*3.  in*,  :;ath»  than 
a  tapered  section,  as  was  used  on  the  subscale  parts.  The  exit  sections  of  the  sub¬ 
scale  cones  bad  ais  much  or  more  erosion  than  the  entrance  sections.  This  was  dne  in 
part  to  the  greater  deflections  that  were  present  at  the  exit  aiea.  For  the  area 
ratios  tested,  the  erosion  does  net  appear  to  he  a  strong  function  of  area  ratio. 

The  use  of  a  constant  wall  section  aids  the  fabrication  of  these  parts .  The  use  of 
a  constant  wall  thickness  does  add  weight,  hut  it  was  decided  that  ^tha  lAcraase  in ' 
rigidity  at  the  exit  plane  more  than  compensated  for  this  anall  weUdtt  Increase. 

(u)  Originally,  the  elastomeric  exit  cones  were  to  be  packaged  by 
folding  the  exit  section  over  the  outside  of  the  entrance  section  into  an.  S-khape  as 
shown  in  Figure  33  (the  typical  pacloiging  method  used  in  the  liqpld  test  program). 

(u)  This  means  of  folding  was  difficult  to  achieve  on  the  two 
exit  cones  tested  on  this  program  for  two  reeisons:  (l)  these  cones  have  a  relatively 
thick  wall  (0.3-in.)  for  their  size  (12.2-  to  19.2-in.-dla),  and  (2)  these  cones 
were  reinforced  by  a  nylon  cloth  tape  on  their  exterior  surface  to  provide  the 
required  hoop  strength  which  added  consldezably  to  the  stiffness. 

(u)  For  these  reasons,  it  was  decided  to  fold  the  exit  portlan 
into  the  cone  and  to  demonstrate  deployment  hy  inflating  a  circumferential  rubber 
tube  attached  to  the  exterior  surface  of  the  ooob  near  the  exit  area  (see  Figure  3^) 
and  "popping”  the  cone  out  into  shape.  This  method  of  deployoent  proved  successful 
on  a  bench  test. 


(u)  Beesuse  these  cones  were  rather  rigid  due  to  the  wall  thick¬ 
ness -to-diameter  ratio,  it  was  believed  that  there  existed  sufficient  wall  strength 
to  prevent  excessive  flutter  dwing  the  planned  30-sec  tests.  A  more  elaborate 
means  of  providing  additional  cone  siqport  was  deoaed  beyond  the  scope  of  this 
program. 
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ITI,  C,  Demonstration  Test  Program  (cont.) 


f.  MetalT.lc  Exit  Cones 

(u)  The  meteLllic  exit  cones  were  laade  Troa  0.01$- in. -thick  sheet 
coluniblum  emd  were  fabricated  into  a  corrugated  cylinder  with  convolutions  tapering 
from  one  end  to  the  other  (rigure  3?)>  inxring  ignition  the  convolutes  open  up,  and 
the  peurt  assumes  a  conical  shape  with  sotoe  residual  convolution  remaining  to  provide 
additlon&l  stren^h.  A  stress  analysis  that  conside.  s  the  opening  of  the  corrugations 
buckling  loads  was  performed  oh  this  part  and  is  presented  in  Appendix  17. 

2.  Demonstration  Ttests 

a.  Sea  Level  Qualification  Test 

(u)  The  motor  qualification  test  was  conducted  at  Aerojet-Qeneral, 
Sacranentcs  on  26  January  196$,  with  the  motor  achieving  the  predicted  pressure  and  thrust 
levels.  These  data  are  piesented  in  Figure  36.  Two  problems  were  evident  on  this 
test  and  have  been  discussed  previously,  namely,  insulation  erosion  in  the  aft  end 
of  the  chamber  and  ignition  delay.  The  remaining  motors  and  Igniters  were  reworked 
to  eliminate  these  problems.  The  nozzle  assembly  exhibited  no  problem  areas. 

b.  Test  Program  at  Arnold  Engineering  Development  Center 

(u)  The  three  test  firings  for  this  program  were  conducted  at  AEDC 
during  the  first  two  weeks  in  October  1965  in  Test  Cell  J-5  (see'.Ptgure  37)i 
is  a  horizontal  test  cell  capable  of  testing  solid  rocket  lootors  with  thrust  up  to 
100,000  Ibf  at  eLLtitudes  in  excess  of  100,000  ft.  A  complete  description  of  these 
teats  is  presented  in  Ref  6.  Ho  major  problems  were  encountered,  and  all  the  progriun 
cfejectivea  were  achieved. 

(u)  The  motor  perf  armed  as  predicted  with  no  abnormaltles .  The 
measured  thrust -time  curve  for  each  firing  is  presented  in  Figure  38  along  with 
chasiber  pressure  and  test  cell  pressure.  The  trowelable  insulation  (SD-850-I5B) 
solved  the  aft-end  erosion  prr'  lem  that  existed  on  the  sea  level  test  conducted  at 
Aerojet-General,  Sacramento. 

(u)  The  revised  igniter  assembly  (Figure  3l)  provided  a  soft, 
reproducible  ignition.  Ignition  delay,  defined  as  the  tiise  frcm  application  of 
ignition  current  until  the  first  indicated  rise  In  chanber  pressure,  varied  from 
36  to  44  msec.  An  analog  trace  of  thrust,  chamber  pressiure,  and  iguter  pressure 
for  the  ignition  transient  of  the  third  firing  is  typical  and  is  shown  in  Figure  39. 

(u)  On  the  second  and  third  tests,  the  ease  of  the  fixed  twzsle 
sustained  a  hot  spot  (Figure  4o).  Heating  was  not  sufficient  to  cause  failure. 

It  is  evident  that  chanber  gas  leaked  between  the  mlcarta  sleeve  insulator  and  the 
nozzle  casi^  with  some  localized  gas  circulation.  Future  test  firings  with  this 
nozzle  design  would  require  that  this  area  be  better  sealed. 
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lU,  C,  DeaonatratioD  Teat  Prograa  (cont.) 


«nt^  KT*  A  flAWM 

(u)  As  dlacuaaed  previcuaiy.  It  waa  vlaiiiMd  to  topilof  the 
eiaatcoeric  exit  conaa  by  preaauriziiig  a  n^bber  tube  that  vaa  attacswd  to  tBt 
exterior  surface  of  the  cone  near  'ttie  exit  plane.  A  variety  of  different  bftea 
vere  tried  as  veil  aa  a  variety  of  folding  technlquea  In  the  oprdar  of  MOO^pllated 
deplpyuent.  Coaqplete  deploynent  vaa  not  achieved  la  any  of  ttaeae  testa.  A  eoBdl* 
tlon  of  partial  deployaent  vaa  achieved  in  aany  Inataueea,  a  typical  ——pi*  of 
which  is  shown  in  figure  4l. 

(u)  It  Is  believed  that  if  the  part  were  fired  in  'Uila  eon- 
dition  it  would  ecapletely  deploy  under  the  internal  gas  pressure.  TlfwnTsr .  no 
attenpt  was  nade  to  fire  at  a  condition  of  potential  deployment.  On  the  first  tost 
of  the  elastoBserlc  exit  cone,  the  part  was  deployed  before  the  teat  ebaaber  was 

sealed. 


(u)  Subsequent  to  the  first  test  another  means  of  deploymsnt 
was  attested.  This  scheme  utilized  a  small  tracer  Intertube  as  a  bladder.  The 
bladder  was  placed  in  the  exit  cone,  and  the  exit  cone  was  folded  down  on  top 

of  it  and  taped  In  place  (figure  U2  and  1^3).  The  bladder  vat^  then  pieasurisad. 
forcing  the  cone  to  open.  A  nusber  of  coe^ete  deploy&mnts  were  aeecepllSbed 
on  a  bench  setup  with  this  design,  as  well  as  one  test  on  the  motor  at  sea  level 
(figure  hh), 

(u)  Nearly  conplete  deployments  were  obtained  with  the  exit 
cone  in  place  on  the  motor  at  altitude  (Figures  h3,  and  U6).  This  deployment 
had  only  a  small  kink  in  the  cone  when  the  deployment  test  emM,  and  it  is  quite 
certain  that  the  exit  cones  would  have  cooqiletely  opened  during  a  motor  firing*  At 
any  rate,  it  is  evident  that,  with  a  properly  designed  bladder,  aa  elastosieric  come 
of  this  size  caz:  bs  folded  and  deployed. 

(u)  The  two  exit  cones  that  were  tested  were  repeatedly 

folded  into  a  s^tc  is  i^lch  the  folded  length  was  approximately  one-half  the  free 
length  (Fipure  47;. 


(2)  Erosion  of  V-W®Exit  Cone 

(u)  performed  exceptionally  well  as  a  hl^-expansion 

ratio  exit  cone  materl^.  A  Tbotoftrabh  of  this  cemponent  during  firing  is  ehenm 
in  Figure  b8.  The  pcstflre  condition  of  tr.e  two  elastomeric  exit  cones  (Fl|pires 
49  through  56)  vers  nearly  identical  with  regard  to  material  loss. 

(u)  Erosion  data  was  obtained  by  sectioning  one  of  the  exit 
cones  and  measuring  the  wall  tblcknsas  with  a  micrometer  at  the  various  area  ratios. 
'Ae  erosion  rate  varied  from  a  maximum  of  5.5  mlls/sec  at  one  point  at  an  area  ratio 
of  35  'to  aa  averaj^  rate  of  1.6  mlls/sec  at  the  exit  section  at  an  area  ratio  of  50. 
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III,  C,  iMinaastration  'fest  Program  (cent.) 


(u)  Tbe  deacnstratlan  exit  conei  did  not  eidilblt  the  eeel- 
loped  erosion  pattern  that  was  evident  on  the  subecale  cones.  Xbe  aaterlal  lose 
that  occurred  on  these  tests  iiac  3*7^  sad  3.12  Ib  froa  sn  orlgiiwl  prtfive  vsS^t 
of  approKliaately  11  Ih.  Ihla  velslit  loss  averaaed  over  ^  conical  sorfMs  voold 
aaoiint  to  an  average  erosion  of  120  nils  (4  nils/see).  Ibia  averse  is  sonsnhst  trtgber 
than  the  true  average  erosion  because  scoe  of  the  remaining  liner  wAU  deeoB- 

posed  resulting  in  a  weight  Itts  that  would  appear  in  this  calculation  of  erosion. 

This  partially  deconpused  is  still  an  effective  themal  barrier. 

(u)  Figure  57  presents  the  measured  erosion  at  various 
stations  in  the  exit  cone,  and  Figure  58  shows  the  erosion  of  a  typical  longitudinal 
section.  The  predicted  erosion  (see  Figure  8)  from  the  themsl  snslysis  sgrecs  vnry 
well  with  the  measurement  mode  on  the  sectioned  exit  cone. 

(u)  The  movies  of  these  two  tests  do  not  indicate  fluctuations 
in  the  V-41|9  exit  cones  at  any  time  during  the  firings .  The  first  tsst  was  with 
the  circumferential  external  tube  pressurized  to  25  psla  to  provide  addlj^opal 
stiffness.  Because  this  did  not  appear  to  be  necessary,  the  second  V-U^waxit  cooe 
was  tested  without  this  tube. 

(u)  The  tecqjKX'ature.  histories  tor  the  two  tests  from  back* 
side  themocouples  located  at  £  =  23.8  are  shown  in  Figure  59*  This  Included  the 
SO-sec  motor  test  and  a  SO-sec  beat  soak.  Maximum  temperature  daring  motor  opera¬ 
tion  was  90*P  on  the  first  test  and  98*F  on  the  third  test. 

(з)  ColuBibiuai  Exit  Cone 

(и)  The  colunbiun  exit  cone  performed  very  well,  as  it  did 
on  the  subscale  tests.  Ubfortunately,  the  thermocouples  broke  loose  very  early  on 
in  the  firing,  and.no  more  than  3.5  sec  of  temperature  date  were  obtained.  During 
this  time,  the  maximum  recorded  reading  was  approximately  2200 *F.  A  second  thermo¬ 
couple  recorded  a  maximum  reading  of  U500*F  at  approximately  0.2  sec,  but  this 
thermocQu^  recorded  wide  fluctuations,  casting  doubt  on  all  its  aeasurenents  (see 
Figure  60) . 

(u)  It  is  evident  from  the  movies  of  both  the  subscale  and 
the  demonstration  tests  that  the  coltsabium  exit  cone  ram  such  hotter  on  the  demon- 
stratlon  test.  The  demonstration  exit  cone  warn  white  during  the  tests,  while  the 
subscale  exit  cone  turned  various  shades  of  oramge  throughout  the  firing.  There 
was  no' evidence  of  aluminum  oxide  dei>08lt8  on  the  inner  wadi  after  the  test  (Figures 
61  and  62),  whereas  the  subscale  exit  cone  was  ccs^etely  coated  with  aluminum  oxide. 

(u)  The  convolute  opened  diurlng  motor  ignition  and  continued 
to  open  to  a  conic  shape  as  the  rntal  reached  its  peak  temperature  during  the  first 
few  seconds  of  the  firing  (Figure  63).  An  exasd-natlon  of  the  pictures  taken  during 
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III,  C,  Demonstration  Tost  Program  (cont.) 


the  firing  indicates  that  the  cone  opened  to  aft  11*  half-atfigle.  After  the  motor  was 
shut  down  and  the  columbium  exit  cone  had  cooled  to  ambient  temperature ,  the  cone 
reti'acted  to  e.  9.faO”  hrlf-angle,  (figure  6i).  Tnis  corresponds  to  an  exit  area  of 
219  in.  and  an  expansion  ratio  of  38*0»  The  convolutes  did  not  expend  uniformly, 
and  the  remaining  corrugations  heui  peak-to-trough  variations  from  apprcxiuately  0.21 
to  0.26  in. 

(4)  Motor  Performance 

(C)  The  performanre  of  the  three  motors  Is  sunnarlzed 
in  Table  4.  The  total  Impulse  for  the  three  hosts  was  143,^00,  142,000,  420,000, 
and  143,960  Ibf-sec,  respectively.  The  total  inpulr::e  was  calculated  by  correcti:^ 
the  thrust  trace  to  vacuum  conditions  and  integrating  the  resulting  vacuum  corrected 
thrust  trace . 


(0)  The  specific  impulse  values  for  the  elastomeric 
exit  cones,  first  and  third  tests,  were  286.7  sec  and  286.0  sec,  respectively,  whereas 
the  specific  Impulse  for  the  columbium  exit  cone,  second  test,  was  264.8.  These 
values  for  specific  impulse  were  obtained  from  the  stated  total  impulse  calculations 
and  the  motor  propellant  weigtits.  These  motor  propellant  weights  are  accurate  to 
approximately  +  2%;  therefore,  the  calculated  specific  impulses  contain  a  possible 
maximum  2$  error  due  to  uncertainty  over  the  motor  propellant  weights. 

(C)  These  measured  specific  Impulse  values  corrected  to 
standard  sea  level  conditions  (lOO-psi  chamber  pressure,  optimum  expansion,  I?** 
conical  half>anglo}  are  242.9  s;nd  240.0  sec  for  the  elastonerlc  exit  cones  aud  239.9 
for  the  coluiDibium  exit  cone.  The  standard  measured  value  for  this  propellant  is 
243.3,  which  was  obtained  from  a  series  of  standard  test  motor  ballistic  ttsts. 

(u)  All  three  test  values  of  specific  Impulse  ere  within 
1.9^  of  the  standard  value,  which  is  within  the  potential  error  In  propell^at  weiifht. 
Thnist  coefficients  for  the  teats  were  computed  from  the  vacuum  corrected  thrust 
measurements,  measured  chamiber  pressure,  and  motor  throat  area.  For  the  two  elasto¬ 
meric  cones,  these  measured  thrust  coefficients  were  I.87  and  I.89,  whereas  the 
theoretical  thrust  coefficient  for  a  19”  exit  cone  with  an  expansion  ratio  of  90 
is  1.87.  The  measured  thrust  coefficient  for  the  columbium  exit  cone  was  I.89,  as 
compared  tc  a  theoretical  oif  :l..87  for  a  9.6*  exit  oune  st  an  expansion  ratio  of  3B. 

(u)  A  cempeurison  of  the  four  parameters  (measured 
thrust  coefficient...  theoretical  thrust  coefficient,  specific  impulse  from  demon- 
utratlon  test,  and  specific  Impulse  from  10-KS  teats)  indicates  that  they  are  within 
the  stated  accuracy  of  the  motor  propellant  weights  and  the  data  acq^ulsltlon  system. 

(C)  The  addition  of  an  olaiitamerlc  or  metallic  tiozsle 
extension  (welgiiing  11  and  lb,  respectively)  results  In  a  theoretical  increase 

in  motor  perfannanc.e  of  4.9  For  these  motors,  this  Increase  is  approximately 
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Xgnltitr  serlel  mnftor 

6l 

62 

63 

AXDC  \:aat  n'iMbar 

RPC5i8-ca 

!V0518<02 

RFO518-O3 

^at  data 

10-9^5 

10~8-65 

I0.1J4>68 

Mrtor  anrlroinaant  durliut  l6^r 
prior  to  call  puapdown., 

83 

83 

83 

■^pe  of  nozzle 

Elaatoaarlc 

Metallic 

XUatoMtl' 

Zgnltlca  altnuda,  ft 

IOC  ,000 

1j03>000 

107,000 

Average  altltud'^^  ft 

112,000 

112,000 

U2/XX) 

Prqpallaat  auNf  lls 

^97 

500 

302 

Preflra  tbrr^it  area,  In.^ 

5.T6 

5.76 

5^743 

Foatfira  throat  axae./  lo.^ 

5.71 

5.e^ 

5A2 

Praftra  exit  araa^  In.^ 

290.1 

290.1 

Featflre  exit  »rm,  ln<^« 

289.2 

219.0 

261.T 

Ignltloc  dalapi  aato 

36 

36 

Total  bun;  tlJM»  aa« 

30.3 

30.8 

30.6 

Total  ii^ulMf  lhf>aac 

Naasurad 

3U2,6kO 

141,800 

142,720 

VacuuB 

l'»3,50C 

142/420 

143,580 

Pofoaat  vmouuB  corraotloa 

0.60 

0.44 

•>.6' 

Spaolflc  iapulaa,  aao 

286.7 

264.8 

266.0 

Specific  laq^ulaa,  lac** 

2l»2.5 

240.0 

239.0 

Standard  apeolflo  i^oulaa 

21*3.3 

2fc3.3 

<43.3 

Maaaurad  tbruat  eoafflclant 

oorraetad  to  vacviua  condltiooa 

1.87 

1.85 

1.65 

■fhaoratloal  Vaeuua  thruat  coefficient 

1.87 

1.87 

1.87 

OD  aMauroMBt  of  clrairnfamee 

**Corr«o^  to  •taodavd  oao&ltilai  (1000-pai  ohaiAar  pnasur*,  qptlaua  •xpODtloa  r»tlo^ 
and  13°  cooloal  h«U>aiisl«} 


P«g«  93 

CfiKFRBITIIi 


mmmwL 

X 

RejK.i't  APraPL>TR~66-45 


in,  C,  Demonatratlon  Test  Program  (co^t.) 


6400  lor-sec  or  ta^;ai  uapuise,  ir  overaii  system  mutii  held  vuust«cl,  mu 

equal  decrease  In  propellant  velght  nould  rediwe  performance  6y  3100  and  l600  Ibf-aac, 
refipectively .  Ilierefore,  It  can  seen  that  with  no  increase  In  ayetea  valgjiit,  nator 
perfonnauce  could  be  lnc«eB8d  by  3300  Ibf-aec,  2.3^  with  the  elaatonerlc  noaala  (or 
1*800  Ibf-sec),  and  3*^  it  with  the  <netalllc  nozzle. 

c .  Conclualona 

(u)  The  test  program  conducted  at  Arnold  Englneerlii^  Bevelopaaitt 
Center  met  the  program  objectives  sticceaafully; 

(u)  (1)  Buscesafol  motor  Ignition,  operation,  and  poatflre  heat 

soak  for  all  three  tests  were  conducted  at  a  simulated  altitude  in  excess  of  100,000  ft. 

(u)  (2)  Although  an  attempt  to  coiis>letely  deploy  the  elaatoaierlc 

exit  cone  from  a  folded  position  at  altitude  was  successful,  the  principle  of  deployment 
was  demonstrated  by  the  successful  deployments  acconqplished  op  sea  level  tests. 

(u)  (3)  All  three  exit  cones  were  stable  during  motor  teatlng 

and  were  in  excellent  poatfire  condition,  demonstrating  the  integrity  of  these  aaterlala 
for  packageable  exit  cones. 

(u)  (U)  Specific  ingmilse  data  for  the  three  motors  demonstrated 

that  the  tested  exit  cone  performance  was  close  to  theoretical. 

(u)  (5)  The  corrugated  colunhlum  exit  cone  deployed  to  an  ftrea 

ratio  of  30.0  rather  than  the  designed  expansxon  ratio  of  50:1.  Still,  the  principle 
was  successfully  demons tro. led  and,  with  better  design  infermation  on  the  hlgb-cempera- 
ture  material  properties  of  columbium,  the  required  expansion  ratio  can  be  achieved. 
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(u)  ine  cooqiiJLetiou  cf  tne  test  aeries  at  ABix;  oupported  t&e  Risibility  of  using 
expandable  exit  cones  on  solid  rocket  motors.  However,  there  xeasln  certain  oreiM  that 
require  further  developiiient:  (1)  deployment  and  siq>port  of  elastoasrle  exit  eonea. 

(2)  the  analysic.  of  external  flow  and  aerodynaolc  heating  on  the  exit  cones,  and  (3) 
the  analytical  prediction  of  loadings  and  deflections  of  elsstoaerlc  exit  cones  unSor 
typical  TVC  loadings. 

.  (u)  ihe  e^^rloentsl  work  done  to  date  with  elsstoasrlc  expandable  exit  cones  by 
both  Liquid  Bocket  Operations  and  Solid  Rocket  Opeiutlons  of  Aerojet-Qeneral  IMlcatss 
the  major  problem  to  be  one  of  deployment,  with  associated  problems  of  folding  aid 
siipportlng  the  deployed  cone.  The  subecale  and  demonstration  test  program  conducted 
on  the  expandable  nozzle  by  Solid  Rocket  Operations  definitely  established  that  the 
tested  slastc-Dterlc  materials  can  withstand  aluminized  solid  propellant  gas  flow  when 
adequately  supported. 

(u)  Liquid  Rocket  Operations  has  been  working  on  the  problem  of  deploysmit  snd 
exit  cone  support  and  is  investigating  a  number  Of  proodslng  designs.  These  design 
concepts  are  readily  adaptable  to  solid  motors  and  should  be  Investlgatsd  In  slMS 
and  thicknesses  cocqpatlble  with  solid  rocket  motors. 

(u)  Sxpand^ble  exit  cones  for  solid  rockets  requl2re  thicker  wall  sections  than  for 
liquid  rockets  operating  at  the  same  chamber  pressure  and  durations  because  solid 
propellant  gasec*  with  metal  or  oxide  particles  are  much  more  erosive. 

(u)  In  general,  the  expandable  exit  cone  sections  for  solid  rockets  are  smaller 
than  those  that  have  been  tested  for  liquid  rockets.  Thus,  folding  and  deployment 
of  solid  expandable  exit  cones  differ  from  those  that  are  being  tested  for  liquid 
rockets  because  of  the  higher  ratio  of  vail  thickness -to-cone  diameter. 

(u)  Tne  effect  of  this  difference  cannot  be  evaluated  analytically  because  of 
ti .  cortplexlty  of  the  problem  and  mu.^t  be  determined  by  testing  in  the  solid  rocket 
configuration. 

(u)  There  are  a  number  of  deployment  methods  to  be  considered.  One  such  deployment 
method  is  the  pressurized  tube  concept  shown  in  Figure  30.  A  series  of  flexible  tubes 
are  attached  longitudinally  to  the  exterior  of  the  exit  cone  surface  and  are  manifolded 
at  the  top  and  bottom.  The  bottom  manifold  Is  a  steel  torus  fixed  to  the  nozzle 
attachment  flange,  and  the  top  manifold  Is  a  flexible  tube.  The  complete  tube  assembly 
Is  bonded  to  the  exit  cone  and  sprayed  with  a  sllicone-base  rubber  material. 
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IV,  Puttire  Work  In  Packageable  Exit  Cones  (cont.) 


(a)  A  second  concept  utilizes  an  inflatable  bladder.  Exit  cone  deployaest  and 
■tmcturel  stability  arc  prc'.'ided  by  -  fibrous  clotb-roisfcrcsd  prii>iaatxc  Jacaet* 

The  e:q>and8ble  exit  cone  and  an  outer  bladder  are  stitched  tcgetber  by  {{lOM  fibers, 
and  the  entire  assembly  is  vulcanised  into  one  integral  uxilt.  DeployBeitt  and 
stability  are  obtained  ehen  the  Jacket  is  Inflated.  The  advantages  of  this  teebnlgne 
are  a  llghtveight  deployment  structure  and  a  continuous  uniform  gas  pressure  la  tbe 
supporting  Jacket. 


(u)  Another  concept  proposed  by  Liquid  Socket  Operations  is  a  cosibliiatlOD  of  a 
metallic  exit  cone  structure  and  a  foldable  elaatonerlc  exit  cone.  Ibe  metallic 
cone  structure  backs  up  the  elastomeric  exit  cone  when  it  is  deployed  by  either 
mechanical  actuators  or  a  pneumatic  system. 

(u)  Each  of  these  concepts  appears  promising  sx]d  should  be  Investigated  for  tise 
with  solid  rockets. 


(u)  The  use  of  a  metallic  radlatlon>cooled  exit  cone  appears  most  promising. 

The  testing  done  to  date  has  established  tbe  feasibility  of  metallic  radiation- 
cooled  exit  cones  on  both  liquid  and  solid  rockets,  with  either  s  fixed  cons  or  a 
convoluted  cone.  Additional  information  is  needed  on  material  properties  of 
columblum  and  tantalum  alloys  In  the  high  operating  teoperatures  of  radiation-cooled 
exit  cones  to  consuiuiiate  these  designs.  Also  required  is  additional  analysis  and 
test,  ng  of  the  opening  of  the  convoluted  cylinder  during  motor  operation. 
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DERIVATION  OF  LIQUID  ROCKET  OPERATIONS '  mTERIAI-  EF7ECTIVSKESS  mMUBDSR 


A*  ASfti^SIS 

(u)  This  appendix  presents  a  heat  transfer  analysis  of  the  ablative 
materials  tested  on  the  liquid  Lark  engine;  the  original  analysis  aaa  pTeaented 
in  Ref  2.  Symbols  used  herein  are  defined  in  Section  B  of  this  appendix. 

(u)  It  is  assuaed  that  the  heat  flux  into  the  rubber  wall  pocoducea  a 
corresponding  increase  in  material  ablation  rate,  neglecting  any  blocking  effects. 
The  heat  balance  on  the  wall  element  is 

AH  ^  =  h  (T  -  T  )  (Bq  1) 

da  c  '  aw  w'  ' 


The  recovery  temperature,  wall  temperature,  and  heat  of  decomposition  are  taken 
as  constant  and  relatively  Independent  of  nozzle  area  ratio.  The  heat  transfer 
film  coefficient  is  predicted  by  the  Bartz  equation 


h 


c 


0.026 


Cp  II 


0.2 


Pr 


(*q  2) 


If  it  is  assumed  that  the  heat  transfer  film  coefficient  depends  only  on  the 
diameter,  the  expression  reduces  to 


h 


c 


(Bq  3) 


If  this  expression  is  substituted  into  the  heat  balance  equation  and  integrated 
over  the  conic  divergent  nozzle,  the  res'xLt  is  given  below; 


H 


K. 


0.026 
sin  a 


(Bq 


(u)  The  factor  outside  the  brackets  is  a  nozzle  gecoietry  parameter, 
whereas  the  factor  inside  includes  both  a  material  ablation  rate  and  heat  transfer 
environment  factors.  The  larger  the  factor,  tbc  higher  the  beat  of  decomposition 
of  the  material.  The  factor  inside  the  bracket  will  be  used  as  a  material  effec- 
tlveuese  parameter  for  comparison  of  one  material  to  another.  It  is  described  as 
an  effectiveness  parameter,  K  . 
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(Eq  5) 
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A,  Analysis  (cont.) 


(u)  In  the  test  series,  the  total  expaosiou  ratio  and  attactaaent  araa 
ratio  are  varied  by  the  nozzle  redeslan  as  veil  as  the  total  propellant  i— flga 
rate.  The  throat  dianeter  a.lso  varies.  The  vail  teaperature  is  taken  as  500*^  for 
all  materials  tested.  This  vas  obtained  from  the  1961-^  test  series  for  Gea>Qard 
V-44®  rubber  material. 


(u)  It  is  realized  that  for  materials  scntalning  asbestos  the  mall  tem¬ 
pera  turea  mould  be  higher,  but  the  asbeatoe  doea  not  ablate.  The  temperature  that 
should  be  used  is  the  decoapoaition  temperature  of  the  material  that  ablates  away. 
Ccmbustlon  efficiencies  were  used  in  the  determinstioa  of  the  recovery  tc^erature. 
The  recovery  temperature  is  related  to  the  static  gas  teatperature  and  combuatlon 
temperature  by 


T  -  T  00 
aw 


T 


= 


stag. 


''OO 


(Sq  6) 


'Jibe  stagnation  temperatm:‘e  is  corrected  for  combustion  efficiency  by 


T 

'’’stag , 
actual 


T 

stag, 
tfceor . 


2 


(fi4  7) 


(u)  A  tabulaticn  of  the  effectiveness  parameters  for  the  materials 
tested  on  the  Lark  engine  is  presented  in  Table  5. 
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MftSSEBZAL  EgffJBLTLVgBBSS  PAKAMBTEBS 


Vendor 

Coapound 

Designation 

Compos  itton-Mij  or  Infiredlenta* 

Bffectlvenaaa** 

Raraauctor 

Ganaral  Tire  & 

Oan-Oard  v45 

NSR,  9iUca 

I72A21 

Robber  Co. 

Oen-Oard  v44 

HER)  Silica*  Aabeatoa 

255/1400, 

Qeh-Gard  V^O 

IfRD,  Silica*  Low-Temperature 
Plasticir.er 

291A15/665 

Oen-Gard  V52 

BBR,  Silica*  Asbestos*  Low-Teaperature 
Plaatlcizer 

472/540 

9790-IV-29C 

SBR,  Silica*  Asbestos 

539/900 

9790-IV-3IC 

SSR,  Silica,  Asbestos*  fhenolic 

323/580 

Gen-Gard  v62 

SER*  S'^JLica*  Asbestos*  Rienolic 

342/525 

Gen-Gard  V63 

SBR*  Silica*  Asbestos*  thenolic 

490/741 

9790-IV-I38D 

XP-139>  SiUca 

2^/296 

7409-II-39C 

EPT*  Silica 

930 

7242-I-114X 

Butyl*  Silica*  Asbestos 

506/935 

9790-IV-144A 

Epoxy,  Silica,  Asbestos 

172A59 

■7242-in-lQA 

Silicone  Rubber,  Silica  . 

2x4/245 

9790-IV-126A 

NBR,  phenolic.  Silica,  Aabeatoa 

99 

7242-ni-4lC 

Silicone  Rubber,  Silica,  Aabeatoa 

901 

9790-I7-i46;a 

Silicone  Rubber,  Silica 

157 

Raybestos- 

Manhattan 

RL-2061A 

Asbestos -Coated  Inconel  Wire 
Aluminum-Coated  Silica-Filled  Buna-N 

28c 

HL-2061B 

Same  as  above  but  no  coating 

286 

RL-2061C 

Silicone  Rubber,  Asbestos  and 

Wire  Cloth 

449 

EL-206U} 

Proprietary  Material 

312 

2169-14 

Proprietary  i&terial 

224 

CL  8575'8 

Proprietary  Material 

400 

CL  8575-7 

Proprietary  Material 

830 

RL  2403 

Proprietary  Material 

566 

CL  8575-7-F 

Proprietary  Material 

48l 

CL  8575 -7-B 

Proprletaiy  Material 

580 

American 

CL  8576-7-D 

Proprietary  Material 

812 

Poly -Therm  Co. 

Ref rasil-f tiled  Polyuretane 

4i9 

Nobel  Research 
taboratory 

Modified  Phenolic 

350 

Qeaerai  lire  and  Rubber  exit  cones  were  reinforced  with  nylon  cord. 

^  Where  data  for  more  than  one  test  was  available,  the  effectiveness  parameter  for 
each  test  is  given. 


hegend;  3HR  -  Nitrile  Butadiene  Rubber 
SEE  -  Styrene  Butadiene  Rubber 
EPT  -  Ethylene  Propylene  Rubber 
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B.  NOtffiNCIATURB 


Byiabol 

At 

C* 

S 

D 

D* 

H 

AM 

Pr 

Tav 

T 

stag 

Toe 

V 

n  a 


Definition 

2 

Throat  area.  In. 

Character  la  tic  velocity',  ft/aec 

Specific  heat  at  ncoatant  preaaure,  Btii/lb*7 

Local  diameter,  in. 

Throat  diameter,  in. 

Total  heat  flux,  Btu 

Convective  heat  transfer,  Btu/ft  -hr-*P 

Material  weight  lose,  gm 

Fraodtl  nuodier 

Adiabatic  wall  tempera tur a,  *F 
Wall  temperature,  *F 
Stagnatlcn  temperature,  *? 

Free  stream  temperature,  "F 

Teat  duration,  sec 

Motor  mass  flow,  Ih/sec 

Elemental  material  loss  per  unit  area 


a  Exit-cone  half -angle,  degree 

C  Expansion  ratio 

Expansion  ratio  at  cone  entrance 

e  Expansion  ratio  at  cone  exit 

0 

u  Absolute  viscosity,  Ib/ft-hr 
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APPENDIX  n 

THERMAL  ANALYSIS  PROCEDURES 


A .  DESCRIPTION 

(u)  Ibis  appendix  contains  a  discussion  of  the  heat  transfer  to  the  internal 
surfaces  of  the  nozzle  design  that  was  generated  during  the  design  phase  of  this 
program.  It  is  included  in  this  report  to  show  how  the  resulting  transient  temper¬ 
atures  of  the  pertinent  nozzle  components  are  calculated. 

(u)  Symbols  used  in  the  calculations  are  defined  in  portions  of  the  text. 

B.  METHOD  OF  ANALYSIS 


1.  Convection 

(u)  The  thermal  analysis  of  the  expandable  nozzle  consists  of  pre¬ 
dicting  the  transient  anti  steady-state  temperature  distribution  in  the  various 
nozzle  componenbe.  This  analytical,  prediction  requires  the  evaluation  of  the 
surface  heat  flux,  which  subsequently  is  used  to  evaluate  the  boundary  conditions 
necessary  for  solution  of  the  transient-conduction  equation. 

(u)  The  surface  heat  flux  due  to  convection  is  governed  by  the 

relation 

4  »  (T^„  -  T,)  (E,  1) 

Where 

q  IS  Convoctive  heat  flux,  Btu/sq  ft  hr 
h^  =  Convective  heat  transfer  coefficient,  Btu/sq  .ft  hr 
Tg^  =  Adiabatic  wall  temperature,  *R 
T^  -  Wall  temperature,  "R 

(u)  During  this  thermal  analysis,  the  Colburn  equation,  originally 
developed  for  fully  developed  flow  in  circular  ducts,  was  used  to  evaluate  the 
convective-heat-tranefer  coefficient  of  Equation  1.  Although  the  flow  In  nozzles 
docs  not  correspond  to  the  flow  in  constant-area  circular  ducts,  previous  experi¬ 
ence  with  numerous  motors  with  nozzI.es  geometrically  simllai  to  the  nozzle  design 
considered  here  has  shown  that  accurate  results  are  obtained  by  using  the  Colburn 
equation  to  evaluate  the  oonveotive-heat-transfer  coefficient. 

(u)  The  dimensionless  form  of  the  Colburn  equation  corresponding 
to  Reynolds  analogy  Is 


(Eq  2) 
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B,  Method  of  Analysis  (cent.) 


where 


Local  propellant  gas  density,  Ih/cu  ft 
Local  free  stream  velocity,  ft/hr 
Specific  heat  at  constant  pressure 
Prandtl  number 


=  Local  nozzle  diameter,  ft 


Is  given  by 


*  Absolute  viscosity,  Ib/ft  hr 

(u)  Ihe  maos  flux  in  Equation  2,  at  the  throat  of  a  nozzle  (^), 


(Pu)* 


C  P 

w  c 


(21  3) 


where 


C  3  Propellant  mass  flow  coefficient,  hr 

*  ry 

P  ■  Absolute  chamber  pressure,  Ib/sq  ffc“ 

V 


(u)  When  the  equation  of  continuity  Is  used,  the  local  mess  flux  (6) 
at  any  location  in  the  nozzle  becomes 


A* 

^w^c  r 


(Bq  4) 


where 


A  Local  nozzle  area,  sq  ft 

A*  ■  Throat  area,  sq  ft 

(a)  Equation  4  can  be  substituted  Jn  Equation  2  and  simplified  to 
obtain  the  relationship 


0.023  0^  P^. 


^c  "w 


“ITT" 


„  -JJ/3 


(Eq  5) 


(u)  Analytical  and  experimental  atudlca  of  motors  with  conventional 
nozzles  similar  to  the  configuration  In  this  study  hse  indicated  that  particle 
impingement  and  radiation  are  negligible  contrlbutlona  to  the  surface  beat  flux, 
as  compared  with  the  convective  contribatlon..  iiaced  on  this  finding,  Equation  1 
was  used  to  approximate  the  total  heat  flux. 
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B,  Method  of  Atielysis  (cort.) 

The  adiabatic  wall  bemperature, 

givfiii  by  Ihc 


contained  In  £<3Luatlon  1,  is 
(Eq  6) 


where 


R  =  Recovery  factor 


Y  =  Isentroplc  coefficient 

M  =  Local  Mach  number 

=  Chamber  gas  tempe>:ature ,  *R 

(u)  The  recovery  factor  for  a  turbulent  boundary  layer  is  obtained 
from  the  Seban  equation 

R  =  (Eq  7) 

(u)  Total  heat  flux  to  the  nozzle  interim  wall  is  then  obtained  by 
Bubsbituting  Equations  5  and  6  in  Equation  1. 

2 .  Transient  Conduction 

(u)  As  noted  earlier,  the  thermal-response  character  of  the  nozzle 
components  is  obtained  by  solution  of  the  transient-conduction  equation  wit’,  the 
appropriate  boundary  conditions.  The  general  transient  conduction  equation,  expreaaed 
in  cylindrical  coordinates,  is 


where 

k  =  Thermal  conductivity,  Btu/hr  ft  *F 
r  =  Radial  coordinate,  ft 


z  a  Axial  coordinate 


W  ~  Material  density,  Ib/cu  ft 

Cp  =  Specific  heat,  Btu/lb  *P 

0  =  Time,  hr 
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B,  Method  of  Analysis  (oont.) 


(u)  The  boundary  conditions  used  in  the  solution  of  Equation  8  are 
obtained  froo  an  energy  balance  at  the  heated  surface.  At  this  surface,  the  heat 
flux  to  the  surface  is  equal  to  the  heat  flux  leaving  the  surface  in  the  absence 
of  ahlption,  or 

4  ^  \  (I„  -  T,)  -  -k  (4l)  (*»  9) 

i  t  =  r^ 

where  / 

/ 

k  =  Thermal  conductivity  of  the  surface  material,  Btu/hr  ft 


=»  Radius  of  internal  nozzle  surface,  ft 


When  the  surface  material  is  known  to  erode,  the  surface  boundary  conditiona  now 
heceme 


q  =  h  (t  -  T  )  *  k 
^  c  '  aw  a'  \  6  rj 


whpre 


^  ‘'eff  (sT ) 


(Eq  10) 


r. 


=  Effecti'/e  ablation  toaperatme ,  “P 
h^j^  =  Effectti^e  heat  of  ablation,  Btu/lb 


(uj  With  the  heating  rates  and  boundary  conditions  as  noted  above, 
the  data  presented  in  the  appendix  were  calculated  by  a  general  thermal  analyzer 
program  written  for  the  IBM  7094  computer.  A  modification  of  the  Duainberre 
explicit  finite  difference  technique  for  best  flow  in  multileyer  solids  is  used 
in  this  solution. 


(u)  The  difference  equations  are  described  to  incorporate  variaole 
thermal  properties,  multldimenalona.l  heat  flow,  and  boundary  conditions  required 
to  predict  any  transient  or  steady-stage  temperature  environment. 


3.  Radiation  Equilibrium 

(u)  For  a  thin  metallic  wall,  the  temperature  at  which  the  net 
Internal  heat  transfer  is  equal  to  the  external  radiation  heat  flux  is  defined  as 
the  radiation  equilibrium  temperature,  T  .  llie  value  is  estimated  by  trial  end 
error  from  an  equation  of  the  form  ^  ^ 

where 

=  Wall  emlsslvifcy 
tf  =  Radiation  constant 

Conventional  methods  are  used  to  evaluate  the  internal  heat  Imput. 
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APPENDIX  III 

GESCRAL  BESCRIFTIOn  OF  AEHXn!I>aESERAL  IBM  7094  DiaHAL  C»NFUT&R  nttOBMC 

(u)  The  general  approach  to  the  tnermal  analysis  of  a  specific  caaflg;«ir«tlon 
consists  first  of  defining  all  local  boundary  heating  conditions.  When  th(  proper 
heat  Input  paraneters  have  been  established,  transient  and/or  steady-state  tempera¬ 
tures  for  the  given  ccmfiguratlon  are  predicted  by  one  of  two  general  heat  con¬ 
duction  solutions  to  the  Fourier  equation  that  have  been  programed  on  the  IBI  70S4 
computer . 

(u)  These  programs  vary  in  conplexity  and  include  multldimenaional  beat 
flow,  variable  thermal  properties,  and  moving  boundaries.  While  both  programs 
solve  the  same  basic  equation,  the  choice  of  program  depends  primarily  on  the 
material  and  complexity  of  the  heat  flow  path. 

(u)  All  boundary  conditions  are  known,  and  only  the  temperature  diatributlons 
in  a  given  configuration  are  desired.  A  discussion  of  the  different  available 
computer  programs  follows;  the  well-known  transient  conduction  differential  equations 
and  boundary  conditions  given  In  Appendix  II  are  not  desribad. 

(u)  If  a  simple  one -dimensional  solution  to  the  Fourier  conduction  equation 
is  adequate,  the  first  of  the  two  programs  will  be  used.  This  program  la  capable 
of  calculating  the  one -dimensional  temperature  distribution  in  any  Binltilayer 
composite.  The  partlcule  method  of  solution  is  numerical,  wherein  the  given 
configuration  is  divided  into  a  large  number  of  individual  small  elanants.  Each 
element  is  small  enough  that  accuracy  and  convergence  of  the  numerical  aolution 
is  achieved.  These  criteria  are  built  into  the  program  so  that  the  same  high 
degree  of  accuracy  Is  always  achieved. 

(u)  Also,  the  heat  capacity  is  conaidexed  concentratad  at  the  center  of  each 
element,  while  the  thermal  conductivity  is  calculated  as  the  average  value  between 
adjacent  nodes.  Thus,  a  tomperature  variation  of  these  themal  properties  can  be 
Incorporated.  Output  foimat  allows  each  calculated  tomperatuve  to  be  printed  ut 
any  doaired  time  interval. 

(u)  Because  the  configuration  details  of  the  ncz'jle  throat  region  Bnaly7'^}tl 
for  this  progrcuB  are  such  that  multidimensional  hect  flow  exists,  the  General 
Tberma].  Analyzer  Program,  Program  278,  was  used.  This  particular  program  considers 
each  node,  as  part  of  an  analogous  electrl;«l  network. 

(u)  Thu^j,  the  region  to  be  (analyzed  is  again  divided  Into  a  number  of 

small  elements  or  nodes.  The  heat  capacity  is  concentrated  at  the  cent'j'r  of  ,'ich 
node,  and  together-  with  the  volume,  doflnes  a  relativti  electrical  car'J  'liy.  '.'.iiJi. 
resistances  between  adjacent  nodes  are  lumped  to  defijie  the  relative  heat  flo'iir  paths. 
A  program  solution  calculates  tho  temperature  at  each  .lode  st  the  end  of  a  series 
of  finite  tim*  stopa.  Output  data  Includes  the  tempeiature  at  any  node  for  any 
desired  time  interval. 
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(u)  In  addition  to  the  conduction  network  solution,  the  program  ie  capable 

(u)  (1)  Cathode  Follower;  !S:la  function  Bubatitutea  the  temperature 

of  any  specific  node  for  that  of  any  second  node  at  the  end  of  each  time  interval. 

''  (u)  (2)  Radiation  Resistance:  nils  fuoctiuri  computes  a  peeudo- 

radiation  resistance  which  nay  be  used  as  a  simple  conduction  resistance  in  the 
temperature  solution. 

(u)  (3)  Fhase. Transition;  This  function  handles  phase  transition  of 

any  specific  node. 

(u)  (4)  Convenctlon  Resistance:  This  function  expresses  the  film 

res^^tance  for  convection  heat  transfer  as  a  simple  conduction  resistance. 

/'■ 

'  (u)  (5)  Arbitrary  Heating;  This  function  computes  an  arbitrary  heat 

rate  for  any  o^^ieclfied  interior  node. 

(vi)  (6)  Arbitrary  Functions:  Frovisions  arc  made  for  th6  tabular 
dependency  of  any  of  the  individual  siambers  of  the  four  primary  varlablas  in  the 
network  (resistance,  capacitance,  temperature,  time)  bn  any  other  member  of  the 
network. 

(u)  (T)  Contact  Sasietance:  This  function  handles  any  temperature 

drop  at  the  boundary  of  the  dissimilar  solids. 

(u)  .  '.rhus,  from  tlie  shove  dA^crlptlcu:^  the  tetftperature  rosponse  of  any  physical 
n-dlnensional  system  that  can  be  expressed  as  an' electrical  analog  can  be  predicted. 
The  major  disadvantage  of  this  program,  primarily  because  of  its  versatility,  Is  the 
excessive  quantity  of  required  input  parameters.  To  this  end,  a  setup  program  which 
eliminates  all  hand  calculation  of  resistance,  capacitance,  etc.,  and  punches  input 
cards  for  the  main  program  has  been  developed. 

(u)  To  illustrate  this  input  procediure,  ^  sample  program  la  presented'  The 
detail  of  the  present  nozzle  configuration,  is  presented  in  Figure  54.  Fiijure  6$ 
shows  the  sample  section  laid  out  on  an  X-Y  grid.  This  section  .is  then  broken  into 
several  areas,  each  containing  a  temperature  noint  or  node.  Each  node  end  all 
corner  polnta  of  each  node  are  then  assigned  a  bonsecutive  number. 

(u)  This  coordinate  descrlptl.on  end  input  numbering  system,  together  with 
appropriate  input  parameters,  thus  defines  completely  the  conduction  problem  to 
be  solved.  With  this  input  format,  the  time  required  to  set  up  a  typical  transient 
conduction  problem  hae  been  reduced  from  several  days  to  a  few  hours- 
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APPENDIX  IV 

STRESS  ANALYSIS  FOR  EXPANDABLE  EXIT  CONE  MOTOR 


A.  SUMMARY 

This  appendix  presents  the  structural  analysis  of  tlis  motors  to  he  used 
In  the  expandable  exit  cone  program.  It  Includes  an  analysis  of  the  modified  SOKS- 
5000  chamber  that  vlll  be  used  for  the  demonstration  firing^  as  vail  as  tb.a  analysis 
of  the  nozzle  and  exit  cone  for  both  the  subscale  and  demonstration  motors.  T&e 
chamber  for  the  subscale  motor  la  an  off-the*shelf  Item;  tharefore,  tho  structural 
analysis  of  this  chamber  la  not  Included  In  this  report.  ’ 

!]%e  maximum  duration  of  the  subacale  motor  vlll  be  6q  see,  vhlle  that 
for  the  demonstration  motor  vlll  he  30  sec.  The  design  criteria  for  both  motors  la 
presented  in  Section  C  of  this  appendix.  The  results  of  the  structural  analysis  are 
presented  helov.  Symbols  for  the  analysis  are  ahovn  in  Section  F. 


Sumnary  of  Stresses 


Item 

Subscale 

Stress 

Type  of  Stress 

M.S. 

Nozzle 

* 

«' 

Nozzle  support 

3.917  pal 

Tension 

0.22 

Exit  cone 

760  pal 

Tension 

1.65 

Demonstration 

Chamber 

91  ksl 

Hoop 

0.32 

Nozzle 

* 

f 

« 

Nozzle  support 

118.3  ksi 

Betiding 

0.37 

Exit  cone 

1262  psl 

Tension 

0.^ 

*dee  Ssctlon  jS,$« 

B.  DESCRIPTION 
I.  Chambers 

The  chamber  that  vlll  be  used  for  the  subscale  firings  is  an  off -the > 
shelf  heavy- vail  test  motor. 
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B,  Description  (cont.) 


(ii)  T'hf*  oimmhftr  t.lvit  will  be  used  for  the  demonaxratloD  motor  is 
hasicall}*  a  3OKB-3OOC  rhaniber  that  has  been  len^bened  and  has  had  a  Xlange  provided 
at  the  aft  end  for  atta  blng  the  ^^loaure.  Ihe  chamber  la  nov  7h  lone,vl.th  an  OD 
of  15  in.  and  &  thicknenc  "C  C»113  lu. 

2.  Throats 

(u)  The  throats  uf  both  motors  are  very  similar  and  conelst  of  a 
silver-infiltrated  t'ungsten  throat  Insex'tcd  in  a  large  block  of  A31J  graihite  that  fozM 
the  entrance  to  the  throat  and  the  forward  portion  of  the  exit  cone.  'Ihc  graphite  Is 
then  yrapped  by  a  silica  lnsi\latlng  material,  which  is  backed  vqp  with  a  steel  sleeve. 

3.  Exit  Cones 

(u)  The  exit  cones  for  use  on  Lhe  subscale  motor  are  truncated  cones 
wltli  a  flange  at  the  smaller  end.  One  design  Is  based  on  the  use  of  elastoiBeric  material 
to  make  the  cone,  and  the  other  designs  use  either  90Ta  -  lOW  or  colymblum  foil. 

(u)  The  exit  cones  for  the  demonstration  firings  axe  made  from  the 
same  materials  as  those  used  In  the  subccale  firing.  However,  these  exit  conea  will 
be  much, larger  than  the  subscale  exit  cones,  and  the  metallic  cones  will  have  their  free 
ends  corrugated  so  that  Initially  they  will  be  cylindrical. 

C.  DESIGN  CRITERIA 

(u)  The  ejqpandable  exit  cone  program  Is  a  feasibility  program  designed 
to  determine  the  chaxacterlstlcs  of  such  an  exit  cone.  The  pressures  and  teiqpezatures 
for  which  the  motor  hardware  are  designed  are  shown  below  for  both  the  subscale  and 
demoziatratloa  motors. 

1,  PresBures  (Both  Motors) 

Maximum 


Expected 

Factor 

Design 

Chamber 

of 

yield 

Hydrotest 

Presaure, 

Safety, 

Pressure, 

Pressure , 

Item 

pal 

pal 

psl 

psl 

Chamber 

500 

a. 5 

1250 

1200 

niroat 

500 

1.0 

500 

...  ■ 

Ibroat  Backup 

500 

1.5 

750 

Exit  Cone 

500 

1.5 

750 

— 
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C,  Design  Criteria  (cont.) 


2.  Tantperatwros 

(u)  Both  the  nozzle  and  exit  cone  were  dealgned  fox  use  at  elevated 

a.  ^  A  4  Vm  4  V  fVe  4  f«K  4>Ve4Mp  «MaeM«  A*«4Aee»Jl  •eas*  ve4  eMsn 

UWtt^QX'VetflAA'OBe  AAia  UQMi^HMeaViM  O  we.  <awMa  *e^****  «MPCi  -. 

la  III|S^2,a(2)  .and  Figures  5j  6,  and  30  of  this  report, 

3,  Thrust 

(u)  The  lesions'ci'atlon  motor  le  designed  fhr  an  axial  thrust  of 

5400  Ih. 

(uj  The  material  properties  of  silver-infiltrated  tungsten,  coluobium, 
and  9ClTa  -  ICfH  used  in  tho  stress  analysis  In  this  appendix  are  shown  in  Figures  66 
throujfh  70. 

D,  THERMAL  STRESS  AHAIJSfSIS  PHDQHAM,  PROGRAM  ATB 

(u)  The  thermal  stress  analysis  program,  Program  6t6  (Ref  T),  For  the 
Tpii  7097  coaput'ir  is  used  for  the  analysis  and  design  of  nozzle  conflgaratiuns,  with 
pjarttcular  application  to  regioiui  where  a  large  thermal  ^rad'ent  exists  the  radial 
direction. 

(u)  In  this  program,  the  throat  is  dl'/ided  into  a  series  of  concentric 
shells  which  are  assumiud  to  hd  of  infinite  length.  The  material  propertiae  and  nossls 
geometry  are  put  into  the  computer  which  then  ccmputea  the  ccreabes  in  the  radiaJL, 
longitudinal,  and  tangential  directions. 


-KT 

(Bq  1) 

(»1  2) 

(ir  +  ) 

(B4  3) 

where 


1  -  V  E 
X  r 


'  (1  +v^)(i  - 


V  +V  S 
r  X  r 


(1  +i*^)(i  -  -  2v/) 
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Figure  66.  Sllv«r-X?/lltrat«l 
Ptf«  lao 
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Temperature,  F  x  10 


Figure  69.  Modului  of  Blusticlty  va  Temperature,  90  Ta  -  10M 
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\clas8if  led 


Elastic  Modulus  of  Elasticity,  psi  x  10“ 


Ref  13 


Ten^jerature,  ®F  x  lO"^  unclassified 


Figure  70.  Modulua  of  Elasticity  vs  Teuperature,  ColuMbiua 
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i,  /'j'’l)'K'j',-TR-L)G  -h'}.  /u--!;r-:r 


Dj  Thermal  G^'.reaP  Analysis  Program^  Program  8t8  (cent.) 


B 


X 


y/ 

X 


hi 

r 


K  =(A  +B)a  +Ba 
^  r  r  x  x 


f 

■D 

~  Stress 

in  radial  direction 

=  Stress 

in  tangential  direction 

f 

X 

=  Stress 

in  nxial  direction 

e 

r 

=  Strain 

in  radial  direction  due  to  f 

T 

«e 

=  Strain 

In  tangential  direction  due  to  f 

t 

=  Strain 

In  axial  direction  due  to  f 

T  s  Temperature  differential  between  time  being  analyzed  and  time  zero 
=  Modulus  of  elasticity  in  x  direction 
Ey=E0  =  Modulus  of  elasticity  in  radial  or  tangential  direction 
=  Poisson's  ratio  In  longitudinal  direction 
v^=Vq  =  Poisson's  ratio  In  radial  or  tangential  direction 

(u)  After  the  computer  has  found  the  stresses  at  each  interface^  It 
prints  out  both  the  original  inptzt  Information  and  the  derived  stresses  for  the 
radial j  tangential,  and  longitudinal  stresses  at  each  Interface. 

E.  STRUCTURAL  ANALYSIS 

1.  Chamber 

(u)  The  chamber  that  will  be  used  In  the  subscale  firing*^  is  an 
off-the-shelf  heavy-wall  test  motor  for  which  no  strass  analysis  is  inciuaed  in  tois 
report.  The  demonstration  motor  uses  a  modified  30KS-5000  chamner,  and  the  stress 
analysis  for  this  chamber  Is  presented  In  this  section. 
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.SV  luct^urfil  AiwI.vbIr  (coiit.l 


2.  Geo’-rjetry 

(u)  Design  Yield  Pressure  =  1250  pel 


Materials  ^130  steel 
F+  a  1^0  ksi  min 

vU 


F*  =  120  kla 
ty 

(Ref  S) 

Cylindrical  Section  1 

-  0.103"  min. 

( 

1 

n 

» 

1 

PR  1250  X  7.5  , 

‘^Hoop  ~  t  ~  0.103  ( 

1 

1 _ 

1 

1 

=  91,000  pal 

^  "  ‘>•3= 


4.  Aft  Closure  Joint  (Hydrotest) 
Plate 
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ri.o" 

Lr 

— r,-""z3. 

I""  7 

F  1290  fit 

i 

I 


I 

I 

I 

I 


J 


n 


f"%% 

n$ 

■«r 

i.<* 

■,w 


Lu;()!;i  i.  Al'-" 


T.;  ol.riurt.nral  Ait .l.ypixri  (noni-.,) 

(u)  Conservative  values  for  llu:  strcBses  in  ihe  plai,;:  can  je  ioanrl 
by  using  Case  I,  Tage  194^  of  iioark  (Kef  9). 


0 

-h* 

# 


^  ^  1},  .  112,000  psi 

8rrm 


{ 


W  =r-7rR^  p  =  284,000  I'b 


m  =  y  =  3.33 


5"  Aft  Closure  Joint 
Bolts 


1?0 

M.S.  =  ^  =  0.07 


F  +  R 


(n)  A  conservative  value  for  the 
moment  at  the  bolt  circle  can  he  foutid  hy  assuming 
the  plate  Is  fixed  at  the  holt  circle.  This  moment 
can  then  he  reacted  hy  a  couple  located  at  the  holt 
circle  and  the  edge  of  the  plate.  From  Roark,  Page 
195,  Oase  6  (Ref  9)>  the  stress  at  the  holt  circle 
(edge  of  H  fixed  plate)  Is; 


max 


17.0"  Dia. 


L-  0.75" 


15.12"  Dia. 


P  -  1250  pBl 


k-Tn,'" 


6  M 


This  stress  is  also  equal  to  — ; 


.'.M  =  ^  =  5170  in.  Ib/lu.  =  750  psl 


'Bolt  Load  -  F  +  R  =  (~  +  77—)  holt  spacing 
P  ^  V  •  f  P 


32,400  Ih 
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I'  HujYOO  I  ij  u  I  i,  i  uv'.i.i'  ih  v»iir!(J  P, 

.'I  I  I  .  1-1 


I'lffr  in') 


M.K.*,  , ,  -  "i  f>-13 

V  If!  1.(1  ^P.h 


Aft  CloH'urc  Joint 


( u )  Hectlon  Bot'ween  Bolts 


M  8950  In.  iVln. 


3c3)i"-^ 


^  0,81" 


a  -•  X  =-  70,800  pr.i 


-  1  ..  YO 

•yield  “  tO  ■  •' 


(u)  Junction  of  Flange  and  Barrel 
M  =  0.304  PRt 

(Ro.f  9>  Roark,  Paae  270,  Cast*  9) 
M  =  810  In.  Ib/in. 


rt-  0.29" 


7.355:"R 


r  -  1250  psi 


“«ru  ■  i  *■  7  “  w* 


•yield 


1  -  0.62 


*Baoed  on  16  bolts 
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;  /VI?-)’.,'!,  AppC-IlfJlX  TV 


!  I  )  yr;J  fi  (  cent ,  ) 


I  .  re:-  ■  v.'a  -  o  t.-j.vjfiure 

( A )  Mem'brane 

(u)  The  surface  of  the  forward  clotjure  is  generated  by  a  2;1  ellipse 
having  a  semi-major  axis  of  7,k6  in.  The  thickness  cf  the  foi-waud  closme  is  O.lOl-  in. 
for  tills  ellipse: 

c-  =:  cr  =  90,000  psi 

hoop  me  rid  t  '  ^ 

M.S.  =  -  1  =  0.33 

(u)  Igniter  Boss 

The  Ignite:-  boss  was  arielyzed  here  by  using  Ref  1].. 


A  =0.28  Available 
a  =-  7.^+6 

t  =  O.lOU 

Rb  ^1.75 

A  =  Optimum  boss  area 
B 

^  =  0.29 


1.75'*Ri 


^  1  Cl 

V  . 


A,  =  1-75  X  0-104  X  1.51  =  0,27 

iD 


Because  A  >  Ag  the  boss  is  satlsfactoi-y. 


8.  Forward  Skirt 


(u)  The  forward  skirt  will  be  checked  for  stability  under  a  thrust 
load  of  5*^00  lb,  assuming  it  is  a  cylinder. 
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E,  Structural  Analysis  (com.) 


1  =  8.0  in. 

R  =  G.i  in. 
t  =  0,k  In. 

l/r  ■»  1.0 

R/t  =  202 


(x  10^)  =  (Ref  12) 

Jcj 

<J  =  1.4  X  29,000  -=  40,500  usl 
cr  '  ' 

The  compressive  stress  due  to  the  thrust  load  is 


or 

c 


5400 

X  :6.1  X  0.04 


2680  psi 


M.S. 


-1  =  High 


9.  Thermal  Stress  Analysis 

(u)  A  tncrmal  stress  a"iJi;i'sls  (Compiter  Prof-ram  878)  7)  was* 

perfoimied  or  both  ttic  subsoele  aud  demonstration  motor  throat  inserts  ut5ng  the 
temperature  profiles  described  in  III,B,2,a,(2)  and  Figures  5,  6,  and  30. 

(u)  Ilie  results  of  the  two  analyser  ar>.  very  simlJ’  Both  are 
structurally  adequate  with  similar  mar c ins  of  safet;'. 

(u)  Detailed  results  of  tne  throat  insert  analyses  for  the  subscale 
motor  are  presented  in  figures  7’  through  79  and  for  the  demonstration  motor  in 
Figures  80  througn  84. 
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Figure  72.  Siibacele  Ixpudable  Ut  Ooae  Motor  Throat  at  20  aac  Ag  N 
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Flgttte  73.  StttMCEle  Bxpuidable  Bxlt  Cone  Motor  Throat  at  60  aec  Ag  W 
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|](I 

ilillllll! 


„ _ imffiMlinillliffllHOiliilHBOiH 

iMiinimiBMMWiiBMiMHiMimiBeiBimBimimiiBiRaBBaajssij 
BiiiiiiiiiHiMiBmiaiBpiiiffiiiMiiiiBaBMmiiiBaMMm 

iiBiMiaiaiiiiBrar  ^ - - —  ^  - 

liaiHauaaaMMMBHilMBBlHaBMBBBMmHMHMffl 


.  laaiai  _ 

aaaammiiiiiBamniiiiBaigiaiEai 

iiHiiaaniiiyaBiafliaaiiiiir 


UNCUSSIFIEO 


Figure  74.  Subecele  Bxpendable  Bxlt  Cbne  Motor  Throat  at  5  aec  ATJ 
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UNCLASSIFIEi) 


rifure  75.  Subacale  BxpasiUble  Bxlt  Cbae  Motor  Throat  at  20  ae.:  ATJ 
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Figure  76.  Subecale  Bxpeadablc  &cit  Cone  Nuior  Throat  at  60  sec  AXJ 
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Figure  77.  Subscale  Expandable  Exit  Cone  Motor  Exit  Cone  ATJ 
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IMCiASSIFIED 


Fifur«  78.  Subsc«le  Expandable  Bxlt  Cbae  Motor  Throat 
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Pifure  80.  Deaonatratioa  Motor  Expandable  Exit  Cone  Motor  Throat 
<D^  «  2.72)  at  5  aec  Ag  W 
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I'iO'e  81.  Danastrmtlon  Motor  Bxpaatfmble  Sxit  Cooe  Kotor  lltroat  at  30  aec  Ag  N 
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FigHM  82.  Dnoaatration  Motor  BxpaaditblB  Brit  Cbm  Throat  at  3  me  ATJ 
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E,  Structure!  Anelyele  (cont.) 


10.  Noi 


X .  Subscale  Motor 

(u)  (l)  Design  Condition 

(u)  The  noasle  siqtport  structure  for  the  subscmle  motor 
Is  designed  to  keep  the  noazle  In  place  when  the  chamber  pressure  is  750  pel* 


Page 
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E,  Structural  Analyals  (cont.) 


(2)  Analyala  ow  E.1ectlon  Loads 

(u)  In  computing  the  ejection  loada  on  the  airport 
■t^jcture, the  espsndable  section  of  the  exit  cou*  »iil  o«  cooservatively  neglected . 


'ej  -  '■j  -  h  *  ’’j  <*.  ■  •‘j) 

vhere 

«  Ejection  load  on  the  nozale  (lb) 

P  M  Preaeure  (pel) 

A  «  Croee-eectlonal  Area  (in.  ) 
y  =  Coefficieut  of  specific  heats 
M  a  Mach  number 


Subscripts 

J  Noasle  entrance  section 
T  »  Itoroat  section 
E  »  Exit  section 
S  *  Seal 

Aj  =  f  X  2.44®  «  4.676  in.® 
A^  =  J  X  0.427®  »  0.143 
Ag  »  ^  X  1.82®  =■  2.601 
Ag  »  5  X  4.325®  =  14.691 


2j 


32.6 

18.2 
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E,  Structural  AnalyBlB  (cpnt.) 


(u)  Using  tbe  ebore  area  ratios  and  Ref  13,  and  aesualng 
toat  Y  "  gives  the  following  values  for  pressure  and  Msch  nuaber  at.  th« 
and  exit  sections,  respectively: 

p  -  1  no  T) 

-j  - c 

Pj.  -  0.005761  Pj. 

-  0.0 

Mg  -  3.693 

Iberefore 

-  V.  -  ^ 

=  i1:.691  p„  -  0.260  P^  -  14.431  P„ 

c  c  c 

(3)  Analysis  ~  Retainer 

(u)  The  retainer  will  be 

analyzed  conservatively,  assuming  all  of  the  ejection 
force  on  tne  nozzle  Is  reacted  at  a  radius  of  1*42  In. 


Therefore 


14.431  p 

=  g'x  ffT  l.~g2  •  ^c 


AOC  Sketcn  SK>0B74-8 
Material:  4130  Amealed 

»  55  ksl 

(Ref  8) 
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E,  Structural  Analysis  (cent.) 


(u)  The  bending  moment  at  the  bolt  circle  Is: 

M  -  1.617  P  X  (zMl  -  l.hs)  .  0,0569  p 

c  •  -  '  c 


.  TTfbolt  circle  dla) 

**  ®b  ~  *  ir(bolt  circle  dla)  -  n  (' 


bolt  dla) 


6  (0.958s  Pc 
0:3752 

88.032  Pc 


2V  2.U37 


*  2 fr 2.437  -*l^'^(0.i8J 


1.6020 


54.951  p„ 


“  54.951^x^50 

(u)  The  load  In  the  retainer  bolts  is  due  to  the  ejection 
load  plus  the  reaction  to  the  moment  at  the  bolt  clicle 

l4  431  P 

Pv  =  — TE - -  +  <^*9582  P^  X  2  ir  X  2.437/14  x  0.25 

DOlX  C 

=  (1.0308  +  4.1920)  p^ 

=  5.2228  p 

c 


p 

allowable 


for  l/4-in.  socket-head  cap  screw  Is  4800-lb  yield 


strength 


4800 


Report  AFRPL-TR-66-45»  Appendix  IV 


(5)  Main  Bolts 

(u)  The  four  main  bolts  not  only  hold  the  noszle  on  the 
closure,  but  they  also  hold  the  forward  and  aft  closures.  In  computing  the  ejection 
load  on  these  bolts.  It  will  be  assumed  (conservatively)  that  the  nozzle  Is  pltigged 
and  that  the  motor  is  sealed  at  a  radius  of  t  in. 


Fa^e  1U9 
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E,  Structural  Analysis  (cont,) 


Fgj  =  7507^i^^  =  37,699  lb 
Ifae  stress  on  each  of  the  1-ln*  bolts  Is 

(u)  Using  a  yield  strength  of  30  k*l  for  the  bolts  gives  the 
following  margin  of  safety 


M.S. 


1.5 


b.  Demonstration  Motor 

(u)  (1)  Design  Condition 

The  nozzle  support  structure  for  the  subscale  motor 
is  designed  to  keep  the  nozzle  In  place  when  the  chamber  pressure  is  7^0  psl. 
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E,  Structtiral  Analysis  (cont.) 

(u)  (2)  E.lection  Tjoad  ^  TSiclt  rone  nomiont-j^fl 

n 
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E,  Structural  Analysis  (cent.) 


^ej  - 


2  2\  t  \ 

l.a  Hj  )  -  (1  -r  1.2  Hg  )  T  ?J  (Ag  -  A^) 


=  Y50  (130.7)  -  *^.7i^75  (99-64)  (1  +  1.2  x  3.64‘)  +  750  (179.55  -  130.7) 


98,025  -  7994  +  36.637  =  126.668  It 


(u)  (3)  Streesea 

(•)  Cylindrical  Section  *  0,29" 

Hafterlal:  4l30  Normalized  p  ■  1|06  pal 

Fty  =  TO  isfll  (Ref  8)  ,  t.jH  R 


P  •  126,668  lb 


(u)  inie  thexmal  analyala  dlacuased 
prevloualy  Indicated  the  maximum  Interface  proaaure  between 
the  Insulation  and  the  steel  was  466  psl.  Therefore,  the 
hoop  stress  In  the  cylinder  Is 


Meridional  Stress 

(u)  ibe  ejection  force  "P"  on  the  nozzle  Is  126,668  lb. 
Therefore,  the  meridional  stress  In  the  nozzle  shell  let 

'^merid  "  S'lf 


“•®-hoop  •  ii?5 


j 
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R,  Structural  Analysis  (cont.) 

Hie  bolt  load  Is  +  P^. 

*■ 

■r  sr  p^n  ibAn. 

P  - - 

Fj  -  ^  •  5689  li/m. 

Bolt  spacing  Is 

S  =  -  3.3U  In. 


Total  bolt  load  is  26,720  Ib/bolt 


The  allowable  bolt  load  for  a  5/8-ln.  bolt  with  an  allowable  strength  of 

180  ksl  Is 

=  4a,700-lb  ultimate  or  l»3,200-lb  yield  (Bef  lO) 

"•^•yleld  *  St 
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E,  Structural  Analysis  (cont,) 


11 .  Exit  Cone 


a.  Sub scale  Motor 

(u)  The  exit  cone  of  the  subscale  ootor  Is  deslsned  to  operate 
when  the  chaidber  pressure  Is  750  psl.  The  exit  cone  may  be  made  from  f8^  columbluffl* 
90Ta  -  low,  or  elastomeric  material.  This  analysis  considers  the  first  two  naterlale^ 
whose  material  properties  are  given  in  Figures  67  tbrou^  70. 

(1)  Geometry 
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E,  Structural  Analysie  (cont.) 

tan  B  •  “  0.16 

-  9.1* 

coa  d  ■  0.9^7 

P  *  2  psi  at  Section  1,  Hg  «  1.013  In.,  A  -  3.14  In.^ 

P  «  0.85  pal  at  Section  2,  Rg  «  1.420,  A  -  6.15  In.^,  P.S.  ■  1.5P 


(2)  Hoop  Streaa 

Section  1 


760  pal 


453  pal 


P 


c 


(3)  Allowable  Tensile  Stress  0.2^  Offset 

90Ta  -  low  at  3560  “F  «»  600O  psi 
F-85  columblTim  at  3800"F  =  2000  pal 


-  {"1*1 

•  1.5  {2(3.1'*)  [1  *■  1.2(3.80)^]  -  0.85(6.15)  [1  +  1.2(1*. 35)^]} 
=  -6.3  lb 
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E,  Structural  .Analysis  (cont.) 


Section  2 


k,/ww>  C* 


f.  -6.3 

■  2  X  1.013  X  O.CX>4 


-247  psi 


The  coopresslve  allomble  will  found  by  using  Ref  12: 
R/T  a  200 
L/R  =  2 

E  for  90Ta  -  lOW  at  3560*F  =  7  10^  psi 

E  for  F-85  columblum  at  3800°F  =  4x10^  psi 

a 


cr 


E 


£=0 


X  10-^  -•=>  1.0 


=  4  X  10-^  X  1.2  =  4800  psi 
M.S.  =  -  1  =  High 


b.  Demonstration  Motor' 

(u)  The  exit  cone  of  the  demonstration  motor  is  designed  to 
withstand  a  chamber  pressure  of  750  psi.  This  exit,  like  that  listed  on  the  subscale 
motor,  may  be  made  from  F-85  columblum,  90Ta  -  lOW,  or  rubber.  This  etnalysls  con¬ 
siders  the  first  two  materials,  whose  mechsuiical  properties  are  shown  in  Figures  67 
through  70.  This  exit  cone  differs  from  the  subscale  exit  cone  in  that  it  is 
initially  convoluted  so  that  the  outer  surface  is  cylindrical.  The  rubber  exit  cone 
will  be  analyzed  at  a  later  date. 
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% 


•  _ *_  / _ ±.  \ 

AUAJ,jrOXO  iVikJUWe/ 


(1)  Geometry 


Canrolated 


12.15 

DU. 


i_ 


19.20  DU. 


fiEpanded 


t  -  OJ015 


13.16 


tan  0 


19.20  -  12.15 


2x  13. le 


0.26785 


e  -  15' 


C08  0  ■  0.966 


Section  1 


P  >  2  pel 
(P5  -  500) 


115.9 


Base  158 
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E,  Structural  Analysis  (cont.) 


Section  2 


P  «  0.85  psl  R- 


(P^  -  500) 


2  "  0. 


9.9‘*  A  -  289.5 


p.s.  »  1.5 

(2)  Hoop  Stresses 


Section  1 


2  X  6.31  X  1.; 
0.015 


1262  psl 


Section  2 


-  0«85  X  9.6  X  1.; 

0.015 


816  psl 


(3)  Allowable  Stresses 


90Ta  -  low  at  3560 *F  »  6000  psl 
F-85  columblum  at  3800*F  =  2000  psl 


-1  »  0.58 


(4)  Meridional  Stress 


Section  1 

The  coB^resslve  load  on  the  exit  cone  at  Section  1  is: 
{/i  *1  [1  *  r  Hj®]  -  [1  *  Y  I  1.5 


487  lb 

_ 487 _ 

n  X  12.I5  X  0.015 


850  psl 
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E,  Structural  Analysis  (cont.) 


The  eomnreRHive  «nn««ih1«  *flH  bs  i*C*ind  bjT  "**f **^  Rt?  1  r»; 

I  =  U07 

W 

l/R  =  2 

E  for  90Ta  -  10¥  at  356o*r  =  7  x  10^  psl 
E  for  F-8!5  coluBlaiuB  at  30OO*F  -  4.5  x  10^  pal 
O'  e  ^ 

-gSxlO'^  ^  0.33 

cf  =  0.33  X  4500  =  1500 
c 

^  -1  -  SiS 


(5)  Exxmnsion  of  Exit  Cone 
(u)  When  the  exit  • 

cone  of  the  demonstration  motor  is  convolutedj  the 
aft  end  win  appear  as  shown  in  the  sketch  At  right. 

It  becomes  apparent  that  in  this  configuration 
the  membrane  forming  the  exit  cone  is  statically 
unstable  because  high  bending  stresses  would  be  / 

req.ulred  to  resist  and  T  .  !!hl8  bending  . 

stress  would  be  ' 


6u 

7 


6  T. 


0.5 


/  Ao.16R  \ 


/ 

I 


I  /' 

w 


liO^ 


lb 


0.015 


Tj^  =  ER  =  0.79  X  5.575  =  4.4  Ib/ln. 
o^  =  57.5  ksl 

(u)  Because  this  stress  is  much  higher  than  the 
allowable  .,  the  convolutions  will  tend  to  strai^^ten. 


Page  l5o 


Report  AFRPL-I'R-66-45  ,  Appendix  IV 


E,  Structural  Analysis  (cont.) 


(u)  Tile  ciaximim  depth  of  the  convolutions  after  expansion 
will  be  (the  allowable  moment  is): 

1.^  X  2000  X  225  X  1C“^ 

M  ~E 

=  0.1125  in. -lb 
T  =  0.79  X.  9.6  =  7.58  Ib/in, 

M  0.1125  «  rtii.o 

«  =  T  =  ‘Tf# 


(6)  Elongation 

(u)  The  inner  fibers  will  elongate  as  the  exit  cone 
expands.  This  elongation  will  he 


e  =  (oTiifs  in./in. 

This  indicates  that  the  exit  cone  wi7JL  not  fail  while 

opening . 


t 
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F.  NOMENCLATURE 


Synd/Ol 

A 

b 

C 

C 

D 

D 

E 

e 

F 

f  or  0 

h 

I 

L 

M 

n 

N 

P 

\ 

P 

<4 

R 

R 

S 


Definition 

Area  of  cross- section,  in.'^ 

Subscript  (bending) 

Distance  from  neutral  axis  to  extreme  fiber,  in. 
Subscript  (compression) 

Diameter,  in. 

p+3  o 

Flexural  rigidity  =  - 5-,  lb- in. 

12(1-  v^) 

Modulus  of  elasticity,  psi 
Elongation  or  displacement,  in. 

AlJjowable  stress,  psi 

Applied  stress,  psi 

Subscript  (hoop)  or  (horizontal) 

Moment  of  Inertia  (with  proper  axis  subscripts),  in.^ 
Length,  in. 

Bending  moment,  in.  -  lb,  or  in.  -Ib/in. 

Subscript  (meridional) 

Shell  meridional  membrane  force,  Ib/ln. 

Applied  load,  lb  or  lb/ in. 

Pressure  input  for  IBM  7094  Computer  Program  663,  psi 
/•re.'.sure,  psi 
Shear,  lb  or  Ib/in. 

Radius,  in. 

Stress  ratio 
Subscript  (Shear) 
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1.  Esqputidiiblje  Xtlt  Cone 

2.  Rjckngeeaie  Sslt  Cone 

3.  Elastocierlc  Exit  Cone 

4.  Badiatlcn  Coding 

5.  Erosion 

6.  Deployoient 


L  OmOINATtm  ACnVITYt  bMt  Ika  MM  MS  aiSM 
•f  Ik*  MMtMttf ,  MkCatfMW.  VMMik  OiMMMM  iMt  0# 
fmrt  Mtlvllf  a  othar  i-bmUmIih  ftMpanra  mSm)  iMiibic 
Ik*  rupMi. 

a*.  Birost  McuiRY  cLAtancATiokii  EewibfMM- 

ei  tMMltir  olMklSaMlM  «f  Ik*  MVmm  akUhtt 

"Siratrictwl  M**'  la  laeaSa*  HiMilts  M  la  k*  la  Mawtf 
aBM  artik  aasavailMa  aMartty  raplaitMS> 

2k.  CUKNIS:  Aalaami*  aa*nnr*eag  ia  ^rMl*4  la  Dk 
racUvc  $200. 10  aM  Anmi  r*«oM  laiaMtIcI  MiMiki  Salar 
iki  MOV  BurOaf.  Alaa,  wkaa  •ft'iieaklo,  aka*  Uni  yBoMi 
aiatklag*  keva  kna  mo*  !at  Orav  2  aat  Orauf  4  ae  aikM 
laaA. 

X  K VOKT  TntfX:  laiM  ika  fiaplaw  iMa  la  ei 
cagiuJ  Mtara.  TMoo  la  alt  aaaaa  akaaU  ka  Mriaaallla* 
a  a  aaaalaaM  IM*  aaaaa:  ka  Mtaatai;  Mlkaal  alaoallka' 
(la*,  akaw  lUI*  rliaalfloallaa  la  alt  aapMala  la  fMiaikaata 
t*M*ila>a|a  Mlaalac  Ika  IlUa 


4.  OHClIVTIVC  NSne  U  appiavfl'lo.  aaktr  ika  IM  af 
lapat.  latofka,  Mav*aa«  BaM'  -".-.  mmui,  ac 
OI«a  Iki  faudMlaa  4mm  ukM  a  yaaWta  p  ipatilag  pcpIaO  la 
eo*aid4. 


S.  AtITHOWiak  Biaar  Ika  aaawlR)  of  aalkai(a)  am  akaam  aa 
ar  la  Ika  rapata  Salar  iMt  aaM,  Ural  aaaa,  akoeo  lalttar 
If  uUltanri  akaw  me  aaO  aaaaak  of  awalea.  Tko  bmw  af 
Ika  prlMl^  aiitkar  la  m  akaalal*  ariakaaM  rcgaliaaaati 
k.  SSPOeT  OATX:  SalM  Ika  4*lo  al  Ika  lapc' t  M  Sap. 
aaallk  y*Mi  ai  HwMk  yoM  If  *M**  ttea  ci«  Sal*  appaan 
oa  Ika  rapail,  aa*  Saw  al  paMteaUcM  /. 

7a  TOTAIUtniieitser  BAOak  Tkawie  papaaaaal^ 
tkaalS  fallav  MiaiS  paalaallM  ptaaaSaaja.  ba.  aalar  Ika 
aaakM  uf  papa*  eaaulMas  kSw^lik 
7k.  MMQSa  or  SBVBBSiCSS  Bator  Ika  late  aaaesT  af 
rafttaaaai  aksS  la  Ika  ryes. 

•a  COSTKACT  OS  OSAirr  MimSBAi  If  apprapblaM.  aalM 
Ika  appllaakla  aaslMi  af  Ika  ciakail  ar  yaal  aoSar  aklak 
Ika  lapan  mm  itillUHk 

M.  e.  k  M  raOjaCT  nuimnk  SaH*  Ik*  yrtapHaH 
•llllanr  Syanaraat  Ktallllaallaa.  aaak  aa  prajaat  aaaSM, 


Pa  onoilf  ATOCP IMMBT  MNSMami  BM 
al*l  rap  an  aaakar  kp  aklak  Ika  SMaaM*  alii  ki 
aaS  aaakalUS  ky  Ik*  rnriutamlmt  aattaMp.  TXtm 

k*  aalSM  to  tkla  rapan. 


tk.  OTUBII  BirOBT  SUHMBmi  If  Ika  lapaN  kM 
BMlgaaS  aay  aikar  rapaM  aaaeat*  (aMar  kr  Ik*  ait0 
M  k/ Ik*  apanaaiJb  e*a  aaCM  Ikr*  aaakaKak 


I&  AVAV.jiaurr/UHrrA'MiMi  mncae 

UMIaas  an  falkar  iriii  i  alMlIiia  af  Ik*  wpail. 


'•QaaillladfMkaawr* 
rapeii  kaai  iBE^ 


■*7  akialB  aaplas  *r  iMa 


(2>  "Tatalri  aviMtaaial  aaSSIaaai 
MPM  kp  QfW:  I*  aal  callailaa*** 


(«  »»tt  S  aii  iiawiai  asM 

tWiA  SAMBft  dIsSMMitI  Amm 
aaMI^  rsep^e^BSy 


(e  "U.  S  BliUtay  leaMiaa  ayr 
■apait  Skaailp  Saai  80C  M 


(if  ■*  All  SlatJikallaa  af  ikla  rapail  la 
IIMBDC  aaara  akall  laytaai  Sw 


Itayrai 

aarl.  N 
hoaHMl 


ta  akawpy  Baku  a  WoSmS  faaiaal 
I  SuSaattpa  af  Sis  lapM,  aaaa  SMgl 

kata  la  dk*  kaSp  at  Ika  Wkkaaapl  iC' 
lia  laasliBS.  a  aMilaaailap  aksat  aka 
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IBCIASSIFIgD  JOffmCI 


(u)  The  ohjectlvee  of  this  prograa  were  the  developMnt,  design,  ftbrloatlon, 
and  demonstration  of  pachageable  hlgh-expanslon*  ratio  nozzles  for  solid  propellant 
rochet  motors.  A  suhscale  testing  prograa  coxxducted  at  Aerojet-Oeneral's  Von  Karoan 
Center  altitude  facility  was  successful  In  providing  Information  for  evaluating 
three  elastomeric  materials  (nitrile  butadiene  (V-hP  ),  styrene  butadiene,  and 
butyl)  and  two  refractory  metals  (909a-lCXf  and  columbliia)  for  tise  In  exit  cones. 
Erosion  data  was  also  gathered  on  these  elastomeric  materials.  A  demonstration 
test  program  was  conducted  at  Arnold  Engineering  Developmnt  Center,  using  tnree 
3QK5-5000  solid  propellant  motors,  two  with  an  elastomeric  V*44vexlt  cone  and  one 
with  a  columblxim  e:q?andable  exit  cone.  Objectives  were  to  test  deployment,  doteralus 
the  materials'  Integrity  under  operating  conditions,  obtain  data  pertaining  to 
specific  Inqpulse  at  altitude  conditions,  and  obtain  postflre  heat •soak-  data  for 
30  sec.  Successful  motor  Ignition,  operation,  and  postflre  heat-soak  for  all  three 
tests  were  conducted  at  slna^ted  altitudes  In  excess  of  100,000  feet.  Attempts  to 
deploy  the  elastomeric  V-Uk^exlt  cone  from  a  folded  position  at  altitude  conditions 
were  only  partially  successful.  However,  the  principle  of  deployment  was  demonstrated 
during  sea-level  tests.  All  three  exit  cones  were  stable  during  motor  operation  and 
were  In  excellent  postflre  condition.  The  columblum  exit  cone  did  not  expand  fully 
(area  ratio  of  38. 0,  Instead  of  ^O) .  High-quality  optical  data  were  obtained  of 
the  nozzle  deployment,  nozzle  performance  during  motor  operation,  and  postflre 
condition. 


